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This report provides an electromagnetic characterization analysis in order to ascertain if 
integrated masts are an effective ship radiofrequency electromagnetic interference mitigation 
strategy. Free space and fitted antenna radiation patterns, and fitted relative near field power 
flux densities of a linear array transmitting antenna, and the mutual antenna-to-antenna 
coupling between a linear array transmit and receive antennas, both fitted on the same mast 
structure, was determined. Overall, the mast structure can reduce the mutual antenna-to-
antenna coupling (up to ~20dB) and can affect the fitted antenna radiation pattern. There is 
both significantly high (i.e., up to 0 dB) and low (~ -30dB) fitted relative near field power flux 
density within the vicinity of the transmitting antenna and regions around the mast structure. 
All this depends on the location and position of the transmit antenna relative to the mast 
structure, and the location of the receiver antenna relative to the transmit antenna. Both 
desensitization and third order sub-harmonic distortions non-linear effects on the receiver 
antenna system were also assessed due to the fitted relative near field power densities. 
Depending on the specifications of the receiver system, desensitization (or gain compression) 
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Theorem (Roubine and Bolomey (1987) [39], ◊ S12 parameter –Savant (SBR) 
Tx and Rx current sources, ◊ S12 parameter–Savant (SBR) Tx current source 
and Rx radiation pattern, ○ S15 parameter–FEKO (MoM), ○ S14 parameter –
FEKO (MoM), ○ S13 parameter–FEKO (MoM), ○ S12 parameter –FEKO 
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antenna.  ◊ S12 parameter –Savant (SBR) Tx and Rx current sources, ◊ S12 
parameter–Savant (SBR) Tx current source and Rx radiation pattern, ○ S15 
parameter–FEKO (MoM), ○ S14 parameter–FEKO (MoM), ○ S13 parameter–
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1. INTRODUCTION 
Command, Control, Communication, Computing, Intelligence, Surveillance 
Reconnaissance and Electronic Warfare (C4ISREW) systems have to meet their 
operational capability in a maritime environment. However, with the increasing number 
of C4ISREW systems, in particular Radar, Electronic Warfare and Communication 
(REW&C) systems, being fitted onboard maritime platforms there has been a 
concomitant increase in unacceptable design compromises. In particular, systems which 
intentionally radiate energy, viz. Radar, Electronic Warfare and Communication 
(EWR&C) systems create major design challenges including: [1] managing radar cross 
section; antenna placement; weight, space and moment issues, maintenance and repair 
costs; and electromagnetic interference. 
 
Electromagnetic interference and electromagnetic compatibility (EMI/EMC) is a 
major issue affecting the capability of EWR&C systems, since mutual interference can 
adversely affect operational performance. Traditionally, blanking and filtering techniques 
have been used to achieve Electromagnetic compatibility (EMC) between radio 
frequency (RF) systems (e.g. with REW&C systems). However, such interference 
mitigation solutions are becoming inefficient and ineffective in dealing with the 
increasing number of REW&C systems and thus the increasing complexity of  
EMI problems.  
 
In addition, there are also EMI issues for REW&C systems created by the ship structure 
causing blockages to the antenna, leading to elevated antenna radiation, pattern sidelobes 
and reduced main beam gain. This, in turn will affect the overall performance of the 
sensor system. Whilst there are mitigation strategies for such interference, such as re-
shaping the ship structure to minimize blockages and/or having artificially cylindrical 
hard (e.g. longitudinally corrugated) surfaces mounted in front of an antenna [2]. These 
mitigation strategies can be expensive when taking into consideration: a) The cost in 
modifying a ship structure; b) the maintenance cost of replacing surfaces on the ship due 
to wearing and damage; and c) the long service life of the ship, typically 30 years for 
most military ships.  
 
Therefore it is has become essential to find more cost effective and efficient alternative 
solutions in order to mitigate EMI, without impacting on the overall performance of the 
radio frequency systems. Some alternative solutions include integrated masts [3]; 
integrated, multifunction, and multi-beam topside (InTop) aperture ([4] and [5]), and low 
power distributed networked antennas ([6] and [7]). 
 
Integrated masts are essentially a central mast structure where transmitter and receiver 
systems are accommodated in, and mounted on. Integrated masts, that currently exist, are 
prominent on modern military ships and it is claimed that they “…elim-
inate…”electromagnetic interference [3]. 
 
  2 
Integrated, multifunction, multi-beam topside aperture (InTop) is essentially where 
transmitter and receiver systems share the same antenna aperture, rather than having 
numerous and different antennas for transmitters and receivers on a ship. InTop is in its 
experimental and research phase, and typically has a phased array radar antenna aperture, 
which acts as both a transmitter and receiver system antenna for e.g. radar, and also a 
receiver antenna system, for e.g. electronic support system ([4] and [5]). 
 
Low power distributed antennas is essentially a concept where low-power distributed and 
networked antennas are distributed around a ship [6]. By networking the distributed 
antennas, the radiation pattern of the antenna can be created in the direction required for 
system operation and at the same time creating a null in the direction of the RF system 
where adverse EMI may occur [7].  
 
Each of the above suggested, alternative solutions, are either currently being considered 
or researched to determine their feasibility as EMI mitigation strategies. However, what 
they do establish is that a more effective and efficient way is needed of addressing EMI, 
without impacting the overall performance and capability of the RF system.  
 
For the present report an investigation in the use of integrated masts as an EMI mitigation 
strategy will be given.  
 
There are many issues to consider regarding integrated masts, some include: 
i) Interference between antennas and the mast structure,  
ii) Mast structure shape, height, weight and material,  
iii) Mast structure radar cross section,  
iv) Stability of ship, with a large central structure with sensor systems 
mounted,   
v) Mutual antenna-to-antenna coupling between the antennas fitted 
and in close proximity to each other on a central structure, and  
vi) The high intensity near fields due to transmitting antennas on other 
antennas in close proximity. Such near fields can be high enough 
to impact the performance of the other antenna systems.  
 
There is a dearth of information, at least in the open literature, on the electromagnetic 
assessment of integrated masts on ships, despite there been numerous papers published in 
the open literature on integrated masts (e.g. [3] and [8]), where they claim that integrated 
masts eliminate ship radiofrequency electromagnetic interference.  
 
However, Burkholder et al. 2006 [8] provided a hybrid framework to electromagnetically 
assess (e.g. mutual antenna coupling) antenna/platform interference for maritime 
platforms. In particular their electromagnetic assessment was done using asymptotic 
numerical techniques, which enabled all of the ship structure to be simulated, including 
an integrated mast type structure.  
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Asymptotic (or high frequency) techniques in general provide quicker simulation times 
and use less computer memory, but in general provide less accurate results compared to 
full wave numerical techniques, for example, Finite Element Method, Method of 
Moments or Finite Difference Time Domain.  
 
For the present report not all of the issues regarding integrated masts stated above (i.e. i - 
vi) will be covered, mainly due to time constraints. However, what will be considered in 
this report is an electromagnetic characterization of antennas mounted on a central mast 
structure. The electromagnetic characterization will include antenna radiation patterns 
(free and fitted), near field power flux density and mutual antenna-to-antenna coupling 
(free space and fitted). In addition, it will also include some assessment of the non-linear 
effects to receiver systems, which are in close vicinity of transmitter power signal levels.  
 
For the present analysis the transmitting antenna was a  4x1 linear array, the receive 
antenna was a 1x1 linear array and the mast structure was a generic octagon faceted 
structure, with inclined rectangle panels made from perfect electrical conducting material. 
The mast structure dimensions (~10λ m) relative to the linear array antenna dimensions 
(≤ 2λ m) was large enough that  it could be considered as a large electrical structure. The 
transmitter antenna operating frequency was 2.96GHz.  
 
The electromagnetic characterization for the present analysis was done using 
commercial-off-the-shelf computational electromagnetic (CEM) software tools. The 
CEM software tools used for this study included FEKO, Microwave Studio (or CST) 
and Savant. FEKO is principally a full wave solver in the frequency domain, which 
includes Method of Moments (MoM) and Finite Element Method (FEM) numerical 
techniques. It does also offer asymptotic (or high frequency) techniques (e.g. UTD, GO 
and PO). Microwave Studio (or CST) is a full wave solver, principally in the time 
domain, which includes Finite Difference Time Domain (FDTD) numerical technique. 
Microwave Studio also has available frequency domain solvers (MoM) and asymptotic 
techniques. Savant is an asymptotic (or high frequency) solver, based on Shooting and 
Bouncing Rays techniques. Throughout this study, comparisons in simulated results were 
made, where possible, using both full wave and asymptotic numerical techniques. In 
addition, simulated numerical results, obtained from the CEM software tools, were also 
verified, where possible, with analytical results. 
 
This report is structured in the following way: 
 
Chapter 2 provides an overview of integrated masts and antennas that are typically 
associated with integrated masts. The present discussion will be limited to phased array 
antennas on mast structures. However, this is not to neglect the fact other type of radar 
systems, such as parabolic scanning radar systems, dipole, and satellite communications 
systems may also be accommodated on a central mast structure. Chapter 3 provides 
theory, assumptions, models and methodology of the antenna and mast structure that was 
considered for the present analysis. Chapter 4 provides the results and discussion, and 
Chapter 5 provides some conclusions and future work.  
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2. INTEGRATED MASTS 
2.1 MAST STRUCTURE 
It is becoming more prevalent in modern ship designs to have a central mast structure 
integrated with most, if not all, ship sensor systems (both active and passive). The 
concept of integrated masts on modern ships, at least from the perspective where a central 
mast structure is fitted with an array antenna, has, in some instances, transpired not as a 
means to mitigate ship electromagnetic interference, but rather as a requirement to 
accommodate new radar systems, as part of a ship’s life upgrade programs.  
 
There have recently been numerous published papers in the open literature on integrated 
masts for ships, which highlight their advantages and how they can mitigate ship radio 
frequency electromagnetic interference (EMI). However, from these published papers 
there is a dearth of information providing any evidence to support certain claims, e.g. 
“…integrated masts eliminate EMI...” ([3] and [9]) made in such papers. 
 
As previously highlighted in Chapter 1, Introduction, there are many issues that need to 
be considered, regarding the concept of integrated masts, which can include; 
• There is no clear definition of what defines an integrated mast. From the different 
integrated masts that are evident in the open literature it would give the 
impression that an integrated mast can be characterized definitely as a central 
large structure where the ship sensor systems are either: 
i) Accommodated (or mounted) both on and within the  
mast structure, 
ii) Embedded (or flush mounted) where the antenna (most cases a 
phased array antenna) is integrated into the mast structure, i.e., the 
mast structure becomes a part of the antenna, or  
iii) A combination of both i) and ii) from above.  
• Mutual coupling between antennas. The mutual coupling between antennas in 
close proximity to each other on a mast structure may be significant due to the 
large near fields, which can in turn impact the performance of the sensor systems.  
• Mutual coupling, between antenna and mast structure, and mast structure 
blockages. The mutual interference between an antenna and mast structure can 
affect the antenna’s radiation pattern by increasing its sidelobes and reducing its 
mainbeam thus affecting the performance of the sensor. A mast structure could 
also cause structural blockages impacting a sensor system from operating 
effectively. Conversely, structural blockages could be advantageous, as the mast 
structure may prevent transmitted electromagnetic energy from one antenna 
reaching another collocated antenna. Therefore, in turn reducing the amount of 
power reaching and entering the collocated sensor, and reducing the mutual 
coupling between both antennas, and Ship radar cross-section. Having a large 
central mast structure on a ship, such as an integrated mast (or deckhouse) can 
impact a ship’s overall radar cross-section. Therefore, the shape and material type 
of the mast structure is important. Ship hulls and masts were typically made of 
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steel and in order to mitigate many EMI interferences associated with the ship 
structure Radar Absorbing Material (RAM) was used. However, now it is 
becoming more common for ships and even possibly mast structures (or 
deckhouses) to be made of lightweight type material, such as carbon fiber or 
composite carbon fiber material [10]. It is interesting to note, that with the cases 
of accommodated or flush-mounted antenna arrays on ship mast structures, there 
would need to be some consideration regarding the type of material used for the 
mast structure in order to electromagnetically screen sensor systems from the mast 
structure. The analysis of different shapes and material type for mast structure is 
out of the scope of this report, mainly due to time constraints. However, it would 
be of interest to consider different mast structural shapes and materials in any 
future work. For the present analysis the mast structure material was assumed to 
be a perfect electrical conductor, to replicate a worst case scenario.  
 
Figure 1 to Figure 5 illustrates some of the currently available integrated masts, which 
are not meant to be an exhaustive list. As illustrated by Figure 1 to Figure 5, the 
integrated masts are of different shapes, ranging from rectangle faceted to conformal 
faceted structures. It would appear that each mast structure has a number of different 
types of sensor systems (e.g. phased array radar, parabolic radar and communication type 
systems) accommodated on and within the mast structure.  
 
Figure 1 illustrates the Thales I-MAST mast structure and shows how sensor systems are 
accommodated on and within the mast structure.  
 
As illustrated in Figure 1 the integrated mast structure appears to be constructed of sloped 
rectangle faceted panels built into a rectangular shape frame and appears to have sensor 











Figure 1. Thales I-MAST integrated mast with sensor systems accommodated on 
and within the mast structure. Image from [3] shown for illustrative purposes.  
 
 
Figure 2 illustrates a schematic diagram of the Advanced Enclosed Mast/Sensor 
system (AEM/S) for the US LPD-17 amphibious platform integrated mast structure. 
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Highlighted in Figure 2 are the mast dimensions, and some of the systems accom-















Figure 2. Schematic diagram of the Advanced Enclosed Mast/Sensor system 
(AEM/S) for the US LPD-17 amphibious platform [11]. The image shown is only for 
illustrative purposes.  
 






Figure 3. Integrated mast structure for the US LPD-17 amphibious land platform. 




As illustrated by Figure 3 the mast structure is made up of slanted rectangle  
faceted panels.  
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Figure 4 illustrates the integrated mast and some of the systems on the US DDG1000 
Zumwalt class destroyer platform. As illustrated in Figure 4, the mast (highlighted by the 
red circles in Figure 4) structure is made up of slanted rectangle faceted panels joined to 
form a conformal type shape mast structure.  
 
 
Figure 4. Integrated mast and some systems on the US DDG1000 Zumwalt class 
destroyer platform. Integrated mast structure highlighted by red circles in image. 
Image extracted from [13]. The image is shown here only for illustrative purposes.  
 
Figure 5 (a) illustrates the Swedish corvette platform, highlighting (denoted by red 
circle) its integrated mast, which appears to be a conical shape structure. Figure 5 (b) 
illustrates the Swedish corvette platform schematics highlighting onboard systems. 
 
  9 
 




                
  (b) 
Figure 5. Swedish Corvette platform, (a) Platform highlighting the conical shape 
mast structure (depicted by the red circle) and (b) Platform schematics highlighting 




Phased arrays are emerging as the standard type of antenna for electronic warfare, radar 
and communications systems fitted on modern ships. Conventional antennas, e.g. 
parabolic and rotational scanned antenna, for sensor systems will still exist on modern 
ships, as they are required for certain sensor systems, but the number of them on future 
modern ships will be very minimal. Therefore, the ensuing discussion will focus mainly 
on phased array antennas. A phased array antenna, in general, is an array of antennas both 
active and passive, with varying antenna element phases, electronically steer EM energy 
in different directions, simultaneously.   
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2.2.1 Planar Arrays 
Figure 6 illustrates an example of a 4x 4 planar array antenna. A planar phased array 
antenna, in general, is an array of antennas, both active and passive, that lies in a plane. 
Planar arrays are, in general, the most common type of phased array antennas fitted on 
modern ships. The linear array is the fundamental building block for planar phased 




Figure 6. A 4x4 planar array antenna. Image extracted from [15]. The image shown 
is only for illustrative purposes.  
 
2.2.2 Conformal Antenna (or Array)  
Figure 7 and Figure 8 illustrate another type of phased array antenna, namely conformal 
array antennas.  
 
Figure 7. An example of a conformal antenna (or array). Image extracted from          
[16]. The image shown is only for illustrative purposes. 
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Figure 8. An example of a conformal array radar antenna. Image extracted from 
[17]. The image shown is only for illustrative purposes.  
 
As illustrated by Figure 7 and Figure 8, and defined by [18] a conformal array antenna 
“…is a cylindrical, spherical, or some other shape, with the radiating elements mounted 
on or integrated into the smoothly curved surface…”. 
 
Circular arrays (i.e., antenna elements placed in a circular formation), which can also be 
considered a conformal antennas, as stated by [19] are “...able to scan a beam 
azimuthally through 360 degrees with little change in either the beamwidth or the 
sidelobe level…”, and “…steer over 360 degrees with different types of antenna main 
beams, e.g., an omnidirectional, multiple or a narrow beam…”. In addition, circular 
arrays can be designed in different ways to achieve the 360 degree coverage, which can 
include “…three separate antennas, each covering a 120° sector or in as one cylindrical 
array, resulting in a much more compact installation and less cost…”. 
 
 
2.3 INTEGRATED MASTS AND PHASED ARRAY ANTENNAS 
2.3.1 Rectangle Panel Faceted Mast Structures and Planar Array Antennas  
For different faceted, mast structures there will most likely be appropriately shaped 
antennas fitted on or within the mast structure. For example, planar array antennas would 
most likely be fitted with rectangle faceted mast structures, whereas for conformal array 
antennas would most likely be fitted on curved faceted mast structure. 
 
Figure 9 illustrates a few examples of planar arrays antennas integrated with 
rectangle/square faceted mast structures. A planar array antenna will be described here as 
an antenna which has its elements all lying on a plane and either fitted on or embedded 
(or flush mounted) in a mast structure. For the case of a linear /planar array, given the flat 
plane geometry and shape of the antenna, it is reasonable to assert that the integrated mast 
(or deckhouse) would typically have to be of a shape basically made up of flat rectangle 
or square faceted surfaces. It needs to be noted that structures created with rectangular or 
square faceted surfaces can create right angles in the structure which can cause large 
reflections and thus large radar signatures. Therefore, it would be imperative for 
rectangular faceted mast structure that the edges do not form any  
right angle.  
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            (c)   
 
                                    
                (d)                                                                  (e) 
 
Figure 9. A few examples, not meant to be an exhaustive list, of different masts 
structures which are basically made of either square, rectangular or both shaped 
panels fitted for planar array type antennas. Image (a) extracted from [3], Image (b) 
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extracted from [20] and image (c) extracted from [21]. Image (d) is the APAR (active 
phased array) multi-function radar, planar array as shown on ship mast on the 
German Saschen class platforms. Image extracted from [22], and (e) is an image of 
the IM-400 integrated mast, which will accommodate all major radars, sensors and 
antennas of a naval vessel for the Holland class Ocean Patrol Vessel (OPV) for the 






2.3.2 Conformal Mast Structures and Conformal Array Antennas 
A brief discussion, for completeness, will be provided here on conformal masts and 
conformal arrays, although conformal integrated masts and conformal arrays were not 
considered in this study. However, should be in any future work.  
 
The concept of conformal arrays in integrated masts is not a new. Bird et al 1995 [24] 
performed some analysis assessing the use of conformal arrays embedded in 
deckhouse/mast structures.  Bird et al. 1995 [24] found that such arrays can indeed 
reduce the antenna interference and reduce radar cross section, depending on the 
deckhouse/mast structure design.  
 
For the purposes of the present discussion, a conformal array will be defined as a circular 
shape array either placed on a mast structure or embedded into the mast structure. It is 
interesting to note, that compared to rectangular or square faceted mast structures 
primarily used for planar array antennas, a conformal array antenna either on a circular, 
spherical or cylindrical faceted structure, there would be no issue regarding right angle 
edges. Therefore, large reflections due to corner reflectors type structure and thus 
minimal effect on the radar cross section of the mast structure.  Furthermore, conformal 
arrays can be either narrowband or wideband arrays. For the case of wideband conformal 
array antenna, where it is wideband, phased array where adaptive nulling and beam 
forming is possible and having 360° azimuth coverage would be useful as a receiver 
system, such as a microwave electronic support measure system. This concept is not new. 
Karavassilis et al. 1986 [25] proposed an experimental high frequency (HF) circular array 
with direction finding and null steering capabilities.  
 
There are currently available conformal arrays which are embedded (or flush mounted) in 
platform structure, e.g. aircrafts, weapons and sonar seekers. Embedded (or flush 
mounted) conformal arrays are fully integrated with the platform structure, i.e., the 
antenna and platform structure are a single structure.  
 
Figure 10 illustrates some examples of embedded (or flush mounted) conformal arrays. 
Figure 10 (a) illustrates a conformal array on sonar seekers. Figure 10 (b) illustrates the 
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EL/M-2075 Phalcon solid-state L-band conformally mounted array radar system on  










Figure 10. A few examples of conformal arrays. (a) Conformal array on sonar 
seekers. Image from [26], and (b) Image of the EL/M-2075 Phalcon solid-state L-
band conformal mounted array radar system on an aircraft. Image extracted from  
[27]. The images shown are for illustrative purposes.  
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3. THEORY, MODELS, ASSUMPTIONS, AND METHODOLOGY 
3.1 ANTENNA THEORY  
Antennas are basically electrical devices which convert electric currents into radio waves, 
and vice–a-versa. The antenna is one of the essential components of any radar, EW and 
communication system. Depending on the function and operating frequency of the system 
will govern, to a large extent, the type and design of the antenna for that system. There 
are many different types of antennas; some include, not meant to be an exhaustive list, 
wire antennas, reflector, travelling wave, aperture, and microstrip.  
 
3.1.1 Microstrip Antennas 
Figure 11 illustrates several different types and shapes of microstrip antennas. Some of 
the different types of microstrip antennas, as illustrated in Figure 11, include Travelling 
Wave (TW), Microstrip Slot (MS), and patch antennas. In general, microstrip antennas 
are broadband, i.e., ~ 100MHz to ~ 50GHz, which includes the microwave region. 
Microstrip antennas, are utilized, extensively in different Electronic Warfare, Radar and 
Communication sensor systems. For example, satellite communication, Doppler and 
other radars (e.g. phased array) and remote sensing.  
 
 
         
                                          




Figure 11. Different types of microstrip antenna, (From Left to Right) Travelling 
wave (TW), microstrip slot and patch.  TW microstrip images from [28], microstrip 
slot images from [29] and microstrip patch images from [28]. 
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3.1.2 Circular Patch Microstrip Antenna 
For the present study a linear polarized circular patch microstrip antenna was chosen. To 
the author’s knowledge, the antenna design and operating frequency f =2.96GHz did not 
replicate any sensor system currently available or in operation. If indeed so, it is only  
by coincident.  
 
A circular patch microstrip antenna, is basically, a disk antenna comprising of a thin, 
conducting circular patch on a dielectric substrate backed by a ground plane. Figure 12 




Figure 12. Schematic diagram of a typical circular patch microstrip antenna. Here a 
denotes the radius of the circular patch, εr denotes the relative permittivity of the 
dielectric substrate, h denotes the thickness of the substrate, ρ denotes the position 
of the antenna feed port and φ denotes the angular direction.  
 
3.1.2.1 Radiation Pattern  
There are many theoretical models available to determine the radiation pattern of a 
circular patch microstrip antenna. Some of the theories include (Bahl and Bhartia 1980     
[30]): 
• The simple cavity model,  
• The cavity model with source,  
• The modal expansion model,  
• The wire grid model, and  
• The Green’s function method model.  
 
 
As a first order approximation, the simple cavity model, will be described here. If a 
circular patch microstrip antenna is assumed to have the same dimensions, as given by 
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Figure 12, and has its antenna fed by a coaxial waveguide underneath the circular 
antenna, along the z–axis, and that the substrate thickness h is less than the operating 
wavelength oλ , then following the theory from Garg et al. 2001 [31]. The microstrip 
patch can be modeled as a cylindrical cavity bounded at the top and bottom by electric 
walls and on its sides by a magnetic wall. Figure 13 illustrates schematically the 
microstrip patch modeled as a cylindrical cavity bounded at the top and bottom by 





Figure 13. Cylindrical cavity bounded at the top and bottom by electric walls and on 
its sides by a magnetic wall, then the fields within the dielectric region of the 
microstrip corresponds to a TMmn. 
 
To calculate the radiation pattern in the electric field E plane and magnetic field H plane, 
using the simple cavity model for a circular patch microstrip, and following in detail Garg 
et al. 2001 [31], the wave equation is used. 
 




Ek              (1) 
 
where  
µεω=k . Here ω denotes the angular frequency (= fπ2 ), µ denotes the free 
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To ensure that the solution fields satisfy the wave equation, i.e., Equation (1) and the 














               (3) 
 
The solution to the wave equation, assuming cylindrical co-ordinates, is as follows [31]        
 
( ) φρ nkJEE nz coso=              (4) 
 
where 
   ( )ρkJ n =Bessel functions of order n. 
Since the electric field 
→
E  is in the z-component, the magnetic field components  
become [31] 
 







=            (5) 
 
 









=             (6) 
 
where  
J ′  denotes the first derivative of the Bessel function w.r.t. to the argument.  
 
 
We note that there are no radial and angular components of the electric field and no  
z-component of the magnetic field, since 0===
→→→
zHEE φρ . 
 
The magnetic field 
→
H inside the cavity creates an induced electric current, and the surface 
currents on the circular patch, can be calculated from  
 
ρφ φρ HHHnK ˆˆˆ −=×=
→→
             (7) 
 
where  
ρˆ and φˆ are unit vectors in the radial ρ and angular φ directions.  




At the edge of the circular patch the components of the surface current 
( ) ( ) 0==== aHaK ρρ φρ . Therefore, ( ) 0=′ kaJ n .  
 
This indicates that for each mode of configuration a radius may be found that results in a 
resonance corresponding to zeros of the derivative of the Bessel functions, J ′ .  
 
The components of field and surface currents for the modes m=n=1 are as follows 
 
( )o 1 coszE E J kρ ϕ
→
= ,              (8) 
 
 




= − = , and             (9) 
 
 




= − = .          (10) 
 
Table 1 provides a few root terms of the Bessel function for different modes. 
 
Table 1 Bessel function roots of J ` (ka) = 0. Table extracted from [31]. 
 
Mode (n,m) Root (ka) 
(0,1) 0 





The far field radiation of a disk antenna can be calculated from either the electric or 
magnetic vector potential functions. The radiation from the circular patch can be derived 
either from the electric field in the z -component across the aperture between the disk and 
the ground plane at , using vector electric potential, Or from currents in the circular patch 
conductor , employing magnetic potentials. The radiation in the upper half space can be 
derived by image theory, where the ground plane can be replaced by an equivalent 
magnetic current source, i.e., 
ˆ2M E n
→ →
= ×  ,   or   ˆ2 zM E ϕ
→
= .        (11) 
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Using the equivalent magnetic current source and integrating over the aperture, the vector 
electric potential, can be calculated. The far field in spherical co-ordinates, can then be 
derived from this potential, and are as follows 
 









−=        (12) 
 
 









−=       (13) 
 
where  
( )kaJhEV no= , denotes the edge voltage at .0=φ  
 
 
For the lowest order mode, i.e., n=1 the electric far field components are [31] 
 









, and        (14) 
 
 













The Directivity D for a circular disk excited in the dominant mode (n=1), can be 
described as follows (Bahl and Bhartia 1980 [30]) 
 
( )* * 0
2
1 Re | 82 or
/ 4r
E H E H
D
P r I
θ φ φ θ θ
π
=−
=          (16) 
where 




E H d S
→ → →  = ×  
  
∫∫ , here S is the total spherical surface area,        
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o o
, and 
E EH Hφ θθ φη η
= = , here oη denotes free space impedance=120  π Ω , and  
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3.1.3 Linear Array Antenna 
3.1.3.1 Radiation Pattern 
 
Figure 14 illustrates a schematic of a typical linear array antenna. If it is assumed that the 
linear array antenna is an N-element linear array antenna, operating with a wavelength 
o ,λ  with antenna element spacing x m2
od λ= , and each antenna element having uniform 
illumination, then the normalized broadside antenna radiation pattern ( )f θ can be 
approximated, as follows ( Mailloux 2005 [32]) 
 











=             (17) 
where 
sin cos  (here  denotes elevation angle and  denotes azimuth angle), and u θ φ θ φ=




Figure 14. Schematic of a linear array highlighting antenna element separation, dx 
and array length L.  
  22 
3.2.2.2 Directivity  
The directivity D of an N M×  array assuming omnidirectional elements, can be 
approximated, as follows (Mailloux 2005 [32]) 
 
( ) ( )
2
| |
| || | exp cos sin
n
n








− − −      
∑
∑∑
  (18) 
 
where  
na denotes the amplitude of linear array elements n=1…N, 
ma denotes the amplitude of linear array elements m=1…M, 
oθ  denotes the array scan angle measured from end fire (when array scan 
angle, ( ), ,0
2
πθ φ  =  
 
), and  
( ) sin xsinc x
x
= . 
3.1.4 Power Flux Density  
The direction in which energy travels in an electromagnetic wave can be described by the 
Poynting Vector S
→




= × .          (19) 
 







= =           (20) 
where  
 
oE  denotes the magnitude of the E-field,  
 









denotes the magnitude of the H-field, and  
 




3.1.5 Near Field Regions of an Antenna 
There are three main field regions for the radiation pattern of an antenna. At distances 
very close to the antenna, the dominant energy is non-radiating, and is called the reactive 
near field. Farther away, but still near the antenna, is the radiating near field (or Fresnel) 
region [34]. It is within the Fresnel, or near field region where the energy radiated 
produces the conventional antenna pattern when viewed from the far field and where the 
angular field distribution is dependent upon the distance from the antenna. Then further 
away from the antenna is the Fraunhofer, or far field region, where the energy radiated 
produces the antenna radiation pattern and where the angular field distribution is 
essentially independent of the distance from the antenna. The transitions between each of 
the field regions are not exact and the changes between them are gradual. In the present 
analysis the near field power (or flux) density calculations will be in the Fresnel region, 
and in the transition regions between the Fresnel and Fraunhofer field regions.  
 
Kizer 2010 [34] provided an estimation of the near field power for a microwave antenna, 
in free space, and notes that “...the near field power density has not been extensively 
studied...”. Further to this, it is reasonable to assert that, at least in the open literature, 
there has not been any extensive studies determining near field power density (or flux 
density) of antennas, in the vicinity, of large electrical objects. This present study will 
provide some initial results on assessing near field power density close to large  
electrical objects.  
Free space near field power density analysis has generally been done mainly to assess 
human exposure and protection to electromagnetic radiation (e.g. Faraone et al. 2000         
[35] and APD Program [36]) by determining the average near field power density.  
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3.1.6 Free Space Average Near Field Power Density  
Faraone et al. 2000 [35] provided an estimation of average near field power density of a 
collinear array antenna, with length L , assuming the near field is cylindrical, with each 
collinear array element spacing xd λ≤ , with radius ρ , at boresight of the antenna, as 








Figure 15. Schematic of calculating the average near field power density of a 
collinear array antenna. Image here interpolated from Faraone et al. 2000 [35].  
 
The average, near field power density dP
−
, at a distance ρ  from the collinear array along 


















         (21) 
where 
radP  denotes the radiated power from collinear array, 
ρ denotes the distance from the collinear array, and  
Linear array 
xd λ≤  
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oρ denotes the distance when the ( ) ( )cycl sph, ,P L P Lρ ρ≤  condition is valid, which 
is when AG Lρ ≤  (here AG is the collinear array broadside gain), this 
considerations will occur at a distance Ao G Lρ = . 
 
An alternative theory to estimate average near field power density is the Antenna Power 
Density (APD) program [36]. The APD provides a simplified procedure for estimating 
the near field power density of a number of common types of antennas and graphically 
checking the compliance of systems with different emission exposure standards or user 
defined limits. In the APD program, it is assumed that the near field NE and far field 
FE intensities in Vm
-1 are related by the following equation [36] 
( )N F EE E CF=           (22) 
where 
( )ECF denotes, the E-field correction factor at a normalized distance d from 
the antenna. 
Near field power density NP  (in mW/cm









= .                  (23) 
The APD program states that to estimate the near fields for collinear antennas the 
correction factors ( )ECF , of a full wave dipole can be used. Figure 16 image extracted 
from [36] illustrates the free space near field electric field correction factor ( )ECF , as a 
function of distance normalized to 1.5λ away from a full wave dipole.   
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Figure 16. Near field correction factor ( )ECF as a function of distance normalized to 
1.5λ  for a full-wave dipole in free space. Image extracted from [36]. 
 
 
3.1.7 Mutual Antenna-to-Antenna Coupling  
Chen et al. 2010 [37] provided a theory on predicting the mutual antenna-to-antenna 
coupling in the near field regions at very small distances d  between a transmitter and 
receiver antenna, i.e., 0.5 ,dλ λ< < assuming transmit and receive antennas are along 
boresight, and 0.43 0.73dλ λ< < , assuming transmit and receive antennas are 20° off 
axis. The accuracy of Chen’s theory degrades outside these separation ranges [37].  
 
For the present study the separation distances d  between the transmitter and receiver 
antennas are much larger than  mλ , in fact the separation distances d >7.7λ m               
(i.e., d > 0.8m), which are larger than the estimated far field (or Fraunhofer) region 
range ffR for the 4x1 linear array transmit antenna (i.e., ffR ~ 0.8m). Therefore, the mutual 
antenna-to-antenna coupling for the present study was determined by using the Friis 
transmission equation [38] or Scattering Matrix and Reciprocity theorem [39].   
 
 
3.1.7.1 Friis Transmission Equation 
 
Figure 17 illustrates the schematic of a receive antenna along boresight (i.e., 0°Φ = ) of a 
transmit antenna, separated by a distance d. Assuming that the receive antenna lies within 
the far field region of the transmit antenna is polarized matched with the transmitter 
antenna, and both the transmit and receive antennas are isotropic, then from the Friis 
transmission equation, an antenna-antenna coupling constant, C , can be determined as 
follows [38] 
 











 = = 
 
         (24) 
 
where  
rP  denotes the power received by the receive antenna, 
tP  denotes the power transmitted by the transmit antenna, 
rG denotes the gain of the receive antenna, 
tG denotes the gain of the transmit antenna, 
d  denotes the distance between the transmit and receive antenna, and 
























 expression in Equation (24) is known as the transmission or attenua-
tion loss factor.  
 
If the receive antenna is not located along the boresight (i.e., 0Φ ≠ ° ) of the transmit 
antenna then a power loss can occur due to mismatch polarization. This mismatch 
polarization power loss, PLC  can be estimated as follows [40] 
 
( )2cosPLC = Φ                           (25) 
 
The mismatch polarization power loss PLC  can be included in the Friis transmission 
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.                       (26) 
Transmit 
antenna  
Receive antenna  
d  
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3.1.7.2 Scattering Matrix and Reciprocity Theorem 
An alternative theory that can be used to determine the mutual antenna-to-antenna 
coupling is using the scattering matrix and reciprocity theorem. Following Roubine and 
Bolomey 1987 [39] derivation, and extending it for a more general case, the coupling 
between N transmitting antennas with amplitudes of the incident and reflected waves iα  
and iβ , respectively, in a chosen reference plane iP  (i=1,2,...N , here 1 denotes antenna 1, 
2 denotes antenna 2  and N denotes antenna N) can be written as follows 
 
11 12 11 1
2 21 22 2 2
1 2
  ... 
 ... 
. ..       .        .
. ..       .        . 
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         (28) 
 
where  
iiS  (for i=1, 2, 3,…) in the Scattering S matrix denotes reflection coefficients, and  
ijS  (i=1,2,3,.. , j=1,2,3,… and i≠j) in the Scattering S matrix denotes transmission  
            coefficients. 
Assuming only two antennas, i.e., antenna 1 and antenna 2, the theorem of reciprocity 
presupposes that the amount of transmitted power by antenna 1 towards antenna 2 equals 
the amount of transmitted power by antenna 2 towards antenna 1. This can be described 
mathematically as follows (Roubine and Bolomey (1987) [39], with some modifications 
to subscripts) 
 
  29 
1 2 1 2
1 2 2 1.  .  S S S SE H n dS E H n dS
→ → → → → →
∪ ∪
   × = ×   
   ∫ ∫                   (29) 
where  
1S  and 2S denote two separate surfaces surrounding the transmit antenna 
(antenna 1) and receive antenna (antenna 2), respectively,  
n
→
denotes the unit vector normal to 1 2S S∪ directed out of a domain 
denoted byΩ ,  
1 1 andE H
→ →
denotes the electric and magnetic fields, respectively, at each 
point of the domainΩ , for the case when antenna 1 is in transmission 
mode and antenna 2 in reception mode, and  
2 2andE H
→ →
 denotes the electric and magnetic fields, respectively, at each 
point of the domainΩ , for the case when antenna 1 is in reception and 
antenna 2 in transmission mode.  
 
Assuming further, that the antennas are supplied by ideal voltage generators, which 
implies that in passive mode, the antennas are short circuited, then the power P 
2 1 1 2P I V I V= = .         (30) 
The coupling impedance between both antennas (antenna 1 and antenna 2) can be 






= = =                 (31) 
Therefore relating Equation (29) with Equation (31) we obtain the following 
( )
1 2
1 2 1 2 2 1 .  dS SI V E H E H n S I
→
→ → → →
∪
 
 = − × − × = − ∏
 
 
∫        (32) 




2 1 2 1
IV IZ
I I I I
∏
= = −   .         (33) 
Given that the antenna impedance coupling Zij is equivalent to the transmission (or 
coupling) factor Sij then the transmission factor can be determined using Equation (33) as 
follows [39] 
( )1 112 21
1 2 1 2
1S S Iα β
α α α α
= = = − ∏ .                 (34)  
The parameter ( )I ∏  in Equation (33), is related to the E and H field distribution of the 
antennas on a surface surrounding each of the antennas, in particular, on a plane that 
separates them both. This field determination involves calculating the transmitting 
antenna radiation field. If it is pre-supposed, that the antennas are separated at a large 
distance d from each other, taking into consideration attenuation of the radiated fields, it 
can be assumed as a first order approximation that in the plane ∏ the fields E and H for 
both antennas are the same as if they were radiating along in free space. Therefore, the 
antenna far field expression could be used. However, errors will occur as a function of 
1/d2 [39].  
 
Therefore, assuming a transmitting antenna, denoted as antenna 1, with a normalized 
broadside radiation far field ( )f θ , and a passive antenna, denoted as antenna 2 , where 
both antennas lie in the same plane, 0φ =  plane, the transmission (or antenna-to-antenna 
coupling) factor S12 can be estimated, using Equation (34) as follows 
 
( )1 112 21
1 2 1 2 o ( 0 plane)




α α α α η ∏ =
= = ≈ − ∫        (35) 
where oη denotes the free space impedance (=120π ohms).  
The free space impedance oη  has been included in Equation (35) to take into 
consideration the effect of free space impedance loss, as the EM wave travels from the 
transmission antenna to the receiver antenna. It needs to be noted that if there are a 
multiple N transmitting antennas, then there would far field antenna expressions in the 
integral term in Equation (35) for each transmitting antenna [39].  
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3.2 RADIO FREQUENCY RECEIVER SYSTEMS 
 
Figure 18 illustrates a typical Electronic Warfare (EW) receiver system, i.e., an 
Electronic Support Measure (ESM) system. ESM system’s function, is basically to 




Figure 18. Schematic of a typical Electronic Support Measure (ESM) system. Image 
extracted from [41].  Highlighted by the red square are the components associated 
with, including the radio frequency (RF) receiver subsystem, of an ESM System. 
The image is shown here only for illustrative purposes. 
 
As illustrated in Figure 18, there are many subsystems that make up an ESM system. 
Two of the primary subsystems of an ESM system is the radio frequency (RF) receiver 
subsystem (i.e., detect) and signal processing subsystem (i.e., identify).  
 
For the ensuing discussion, only the RF receiver subsystem of the ESM system, as 
depicted in Figure 18 and highlighted in red, will be considered. 
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Figure 19 Schematic diagrams of typical RF receiver systems. (a) RF receiver 
system without automatic gain control (AGC) loop. Image extracted from [42]. 
Figure 19 (b) RF receiver system schematic with AGC feedback loop. Image 
extracted from [43] and [42], with some slight modifications. Here IF amplifier 
denotes intermediate frequency amplifier. All images shown are only for  
illustrative purposes.  
 
As illustrated in Figure 19 both schematics (i.e., (a) and (b)) are similar in terms of the 
components that make up the receiver system, such as antenna, RF and intermediate 
frequency (IF) amplifiers, mixers and local oscillators, and filters. However, the main 
difference is that Figure 19 (b) receiver system has an automatic gain control feedback 





  33 
2.1 Non-Linear Effects on RF Receiver Systems 
Figure 20 illustrates typical linear and nonlinear electronic component transfer functions.  
 
                                (a) 
 
    (b) 
Figure 20. Typical linear and nonlinear component transfer functions. Images 
extracted from [44] are for illustrative purposes.   
 
As illustrated in Figure 20 (a) and assuming an input fundamental signal frequency, f 
entering a linear electronic component, as expected, the transfer function would be linear 
with a gradient of unity. However, for an input fundamental signal frequency f entering a 
non-linear electronic component high order harmonics of the fundamental frequency f 
(e.g. 2nd and 3rd harmonics) can occur, which produces a change in the gradient of the 
transfer function (i.e., gradient=3 for 3rd order distortion and gradient=2 for 2nd order 
distortion). The point where the 2nd and 3rd harmonics distortion transfer functions 
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intercepts the linear output transfer function is called 2nd and 3rd order intercept  
point, respectively.   
 
As illustrated in Figure 20 (b) as input power increases the output power from a non-
linear electronic component will initially follow a linear response transfer function. 
However, as the input power continues to increase there will come a point where the 
output power levels off (or saturates). The difference between the points where saturation 
occurs in the non-linear transfer function from the linear transfer function is called the 
1dB compression point. In particular, for a 2nd harmonic distortion the output power 
drops 2 dB for every 1dB drop in input power. Similarly, for a 3rd harmonic distortion the 
output power drops 3dB for every 1dB in input power.  
 
Some of the non-linear effects on RF receiver systems due to transmitting signals can 
include [45]: 
• Front end damage to receivers 
• Sub-harmonic distortion, 
• Desensitization (or Gain compression) 
• Intermodulation, and  
• Cross modulation 
 
For the present study only one transmitter and one receiver system will be considered and 
so only non-linear effects due to a minimum of one transmitter and receiver antenna is 
considered (i.e., sub-harmonic distortion and desensitization). Non–linear effects, such as 
intermodulation and cross-modulation, which typically occurs with multiple, transmit 
antennas, were not assessed.  However, for any future work where more sensor systems 
are fitted on a mast structure, then such non-linear effects (intermodulation and cross 
modulation) will need to be considered.  
 
 
3.2.1.1 Sub-harmonic Distortion 
Sub-harmonic distortion in a RF receiver system occurs when spectral components or 
harmonics (typically 2nd and 3rd harmonics) of the fundamental input signal frequency are 
generated due to the non-linearity of the receiver systems components.  
The maximum allowable input power Pin at the fundamental, given a harmonic intercept 
point, nOI (in dBm) and a maximum harmonic level L (in dBm) can be estimated as 
follows [45] 






<           (36) 
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where 
n denotes the high order harmonic distortion (i.e., n=2, 3, 4…). 
 
If there are input power signals entering a RF receiver system that are greater than or 
equal to the maximum allowable input power inP  then high order harmonics of the 
transmitted fundamental frequency can be generated. 
  
 
3.2.1.2 Desensitization (or Gain Compression)  
The sensitivity Smin in a RF receiver system is defined as the minimum input signal 
required to produce a specified output signal having a specified signal-to-noise (S/N)min 
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 denotes minimum signal-to-noise ratio needed to process a signal, 
NF denotes the noise figure/factor, 
k denotes Boltzmann’s constant =1.38x10-23 J/°K, 
B denotes the receiver bandwidth (Hz),  
T denotes absolute temperature of the receiver input (°K) 
G denotes the antenna/system gain, and  
MOS = minimum operational sensitivity.   
 
  36 
In general, if there are input power signals entering a RF receiver system greater than the 
minimum input signal required to produce a specified output signal minS  then the RF 
receiver can be desensitized (or gain compression), so that it is not able to effectively 
detect RF signals.  
 
3.3 MODELS AND ASSUMPTIONS 
3.3.1 Linear Polarized Circular Patch Microstrip Antenna  
Figure 21 illustrates different schematics of the design of the linear polarized circular 
patch microstrip element antenna utilized in the present study and used in the numerical 
simulations in the present study. Figure 21 (a) illustrates a 3D schematic of the element 
antenna highlighting major parameters of the antenna, including circular patch antenna 
radius, a, substrate and ground plane. Figure 21 (b) illustrates a top plan view of the 
circular patch antenna, highlighting circular patch diameter, D and the location of the 
antenna feed offset SF.  From the center of circular patch and Figure 21 (c) illustrates a 
perspective view of the element antenna highlighting substrate height h, substrate 
permittivity εr, feed diameter (2FR, where FR denotes the feed radius) and the feed offset 









              
(c) 
Figure 21. Schematic diagrams of linear, polarized, circular patch, microstrip 
element antenna. Figures 21 (a) 3D schematic of element antenna, (b) Plan view of 
circular patch antenna highlighting circular patch diameter, D and location of 
antenna feed offset from center of circular patch, SF and (c) Perspective view of 
element antenna highlighting substrate height h, substrate permittivity εr, feed 
diameter (2FR, where FR denotes the feed radius) and feed offset SF.  
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Figure 22 illustrates the 3D schematic of the linear, polarized, circular patch, microstrip 
antenna model used in CEM software tools (FEKO and Microwave Studio (MWS or 
CST)). 
 
    
 
Figure 22. 3D Schematic of linear, polarized, circular patch, microstrip antenna 
model used in the CEM software tools (FEKO and MWS). Green denotes the 
substrate material and orange denotes perfect electric conductor circular patch.  
Parameter Value 
Patch antenna diameter, D (mm) 35.49 
patch antenna radius, a (mm) 17.745 
Substrate thickness, h (mm) 2.00 
Substrate relative permittivity, εr 2.5 
Input impedance, Zo (Ω) 50 
Feed offset, SF (mm) 4.15 
Feed pin radius, FR (mm) 166.7 
Substrate (mm) 106x106 
Ground plane (mm) 106 x106 
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3.3.2 Linear Polarized Circular Patch Microstrip 4x1 Linear Array Antenna 
 
 
Figure 23 illustrates the schematic of the 4x1 linear polarized circular patch microstrip 




       
 
 
Figure 23. 3D schematic of 4x1 linear polarized circular patch microstrip linear 
array antenna. The separation dx between each of the antenna elements is λo/2 m, 
and the length L (=Ndx, where N denotes the number of elements) of the linear array 
is 2λo m. Linear array antenna elements are numbered (from L to R) as 4, 2, 1, 3.  
Here z-axis, is assumed, to be pointing out of the page.  
 
As illustrated by Figure 23 the four antenna elements were placed along the x-axis plane, 
with a separation dx of o
2
λ m and the length, L of the linear array was 2λo m. The antenna 
elements were all assumed to be transmitting simultaneously and that the coupling 
between each antenna element was also considered in all simulations. For orientation 
purposes a co-ordinate system is also presented in Figure 23 to illustrate the elevation θ 
and azimuth φ angles orientation with respect to the linear array antenna model.  
 
The excitation of the antenna elements were via a voltage source and the amplitude for 
each antenna element was set to 1V. To obtain different electronic scan angles for the 
linear array antenna the phase shift for each of the antenna elements’ voltage sources 
X 
Y 
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were varied in FEKO and MWS. Table 3 presents the phase shift in degrees for each of 
the antenna element feed ports to achieve different antenna scan angles. Illumination was 
assumed to be uniform and was set at 1V for each antenna feed port.  
 
Table 3 Phase shift (°) for each 4x1 linear array antenna element to obtain different 
linear, array, antenna scan angles. 
 
Antenna electronic  
scan angle θ (°) 
 
Antenna element  Phase shift angle on each 






















In Savant the antenna could be modeled by importing a 3-D antenna radiation pattern or 
creating a current source file. The difference between the 3-D radiation pattern and 
current source file was that any simulations using a 3-D antenna radiation pattern would 
not consider any near field effects, whereas the current source, would consider near field 
effects. Since Savant was to be used for antenna-to-antenna coupling simulations current 
source files had to be created to model the linear array antenna so that near field effects 









Figure 24 illustrates the 4x1 linear array antenna model using current sources in Savant.   
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Figure 24. 4x1 linear array antenna and radiation pattern (frequency f=2.96GHz) in 
Savant using current sources. Red dipole depicts the perfect electrical conductor 
antenna element and the pair of green dipoles depicts the infinite substrate and 
infinite ground plane. 
 
As illustrated in Figure 24 the 4x1 linear array antenna model assumed four  perfect 
electrical conducting elements (depicted as red electric hertzian dipoles), along the x-axis, 
with a spacing of / 2λ m between each element, and mounted on an infinite substrate and 
ground plane (depicted as pairs of green electric and magnetic hertzian dipoles) [47]. The 
current moments for each antenna element (i.e., Hertzian dipoles), were assumed to be    
1 A-m.  
 
The receive antenna radiation pattern and current source was considered in the Savant 
simulations. Figure 25 illustrates the 1x1 receiver antenna model using current sources 
(i.e., electric hertzian dipoles to depict the perfect electrical conductor element and pairs 




        
 
Figure 25. 1x1 single element antenna and radiation pattern (frequency f=2.96GHz) 
in Savant using current sources. Red dipole depicts the perfect electrical conductor 
antenna element and the pair of green dipoles depicts the infinite substrate and 
infinite ground plane. 
 
For Savant, the different antenna scan angles in the present study were achieved by 
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3.3.3 Near Field Power Flux Density 
The near field power flux density was determined by computing the near electric field (in 





=  to 
calculate and plot S, which was done using MATLAB. In particular, to verify simulated 
free space near field power density, the average near field power density for a collinear 
array antenna in free space, was compared with analytical results. The fitted near field 
power flux density was determined by calculating the near electric fields at different 
locations around the transmit antenna and mast structure.  Then the magnitude of the 
Poynting vector S was determined, normalized (in dB) and then plotted using MATLAB. 
The Poynting vector, was normalized, to represent the fitted relative near field power flux 
density independent of the units of power.  
 
More detail on the different locations around the antenna and mast structure where near 
fields were calculated for each CEM tool will be provided in the proceeding chapter, 
Chapter 4, Results and Discussion.  
 
3.3.4 Mutual Antenna-to-Antenna Coupling  
The mutual antenna-to-antenna coupling simulation assumed only two antennas. One 
antenna was a transmitting antenna and the other a passive receive antenna. The transmit 
antenna was assumed to be a 4x1 linear array antenna and the receiver antenna a 1x1 
linear array.  
 
The transmit antenna was assumed to be located at the front panel of the mast structure 
and the receiver antenna was positioned at two different locations on the mast structure. 
The first position of the receive antenna was above the transmit antenna, and the second 
position of the receive antenna was on the side panel mast structure, relative to the panel 
where the transmit antenna was located. 
 
In FEKO the transmission scattering S matrix parameters, i.e., ijS were determined for 
each antenna feed port (i.e., S parameter subscript j=2, 3, 4, 5) of the 4x1 linear array 
with the receive antenna feed port (Sij, i subscript =1). Further detail on the notation 
associated with the linear array antenna element numbering and S parameter subscripts 
are given in Appendix A.3.  
 
The free space (i.e., without mast structure) mutual antenna-to-antenna coupling 
calculations in FEKO was done using the MoM technique, with discretization (or mesh) 
sizes ~λ/20 m. Whereas, for the fitted (i.e., with mast structure) mutual antenna-to-
antenna coupling the Multiple Level Fast Multipole Method (MLFMM) was used 
however, with discretization (or mesh) sizes ~λ/7m.  
 
For the mutual antenna-to-antenna coupling, simulations in Savant, were performed, 
using a Shooting and Bouncing Rays (SBR) technique. A maximum of 5 bounces and a 
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ray intensity of 4 rays per wavelength were used for the simulations. Further details 
regarding exact location of transmitter and receiver antenna for the mutual coupling in 
Savant is given in Appendix A.4. The co-ordinates associated to the position for both the 
transmit antenna and receive antenna for the Savant simulations were taken from the 
FEKO model. This was to replicate, as close as possible, the positions of each antenna, so 
direct comparisons of the results could be made between both CEM software simulations.  
 
3.3.5 Mast Structure 
A generic mast structure was designed using the 3D design software tool, called 
Rhinoceros version 4.0. Once the design of the mast structure was completed, it was 
exported into specific formats, so it could be imported into each of the CEM  
software tools.  
 
The mast structure design for the present analysis, was not meant to replicate any 
integrated mast structure currently available or fitted on ships. However, the only features 
that were adopted from currently available integrated masts in designing the mast 
structure for the present study were the basic panel faceted shapes (e.g. rectangle) and 
how the panels are positioned in order to form the mast structure framework (i.e., panels 
angled inwards or outwards). 
 
 
Figure 26 illustrates a 3D view of the generic mast structure designed for the present 
study. As illustrated, in Figure 26 the mast structure was designed as an octagon shape 
structure made of up of angled rectangle faceted panels. The eight rectangle panels were 
made up of 4x two different sized rectangle panels. Figure 27 illustrates different 
schematic diagrams, including dimensions, of the generic, octagon-shape mast structure 
used for the present analysis.  
 
Figure 26. 3D perspective view of the generic octagon shape, rectangle panel faceted 
mast structure.  
 
 
Front panel  
Side panel  




Figure 27. Schematic diagram, including dimensions of the generic octagon shaped 
rectangle panel faceted mast structure.  
 
As illustrated in Figure 27 the rectangle panel denoted as “Front panel” has dimensions 
1m (top edge) x 1.5m (bottom edge) x 1.52m (slanted edge). The second rectangle panel 
denoted as “side panel” has dimensions 0.71m (top edge) x 1.06m (bottom each) x1.52m 
(slanted edge). The mast structure panels has an incline angle of  ~ 80.7° from the base of 
the mast structure and the angle between the side panel and front panels is ~ 135°.  
 
The mast structure for the present analysis was assumed to be made of perfect electrical 
conducting material.  
~ 135° 
~80.7° 
Front panel  
 Side panel  
Front panel  
 Side panel  
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3.4 SOFTWARE TOOLS 
3.4.1 Computation Electromagnetic Software Tools 
The present analysis was done using three commercial-off-the-shelf computational 
electromagnetic (CEM) software, including FEKO, Microwave Studio (or CST) and 
Savant. Each of the three different CEM softwares is based on different numerical 
techniques to determine the electromagnetic fields.  
 
3.4.1.1 FEKO - Full Wave Solver – Frequency Domain 
FEKO is a full wave solver principally in the frequency domain (e.g. FEM and Method of 
Moments techniques). Typically, the Helmholtz equations, are used as the starting the 
point [48] 
   H j E Jωε
→ → →
∇× = +           (39) 
   E j H Mωµ
→ → →
∇× = − +           (40) 
The local currents, can be caused by a source (e.g. an antenna feed) or from an impressed 
field (e.g. equivalent sources of an incident wave). The solutions of the above two 














 ′ = 
  ′−
) 
which the exact solution of the integral equation are generally not possible to solve. 
Therefore, a numerical solution of the integral equations is required. The Method of 
Moments is a numerical technique that converts the integral equations into a linear 
system that can be solved, on a computer using matrix inversion. FEKO also offers a 
Multi-level Fast Multipole Method (MLFMM), which is based on MoM, but uses a 
technique to make the simulation go faster and use less computer memory. FEKO also 
offers other solvers including asymptotic (or high frequency) solvers (e.g. Uniform 
Theory of Diffraction (UTD) and Physical Optics (PO)).  
 
3.4.1.2. Microwave Studio - Full Wave Solver – Time Domain 
Microwave Studio (MWS) is full wave solver principally in the time domain, typically 
called Finite Difference Time Domain (FDTD) technique. The FDTD technique uses 
the differential form of Maxwell Equations as its starting point [48] 







          (41) 





∇× = + +
∂
.         (42) 
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The Yee Scheme, typically used for FDTD, uses Cartesian orthogonal cells to build the 





where the field components are located on the edges of those cells.  For the FDTD to be 
stable it is required that the following condition (called the Courant–Friedrich-Levy) be 
met 
    








∆ ∆ ∆   
.                                (43) 
Microwave Studio also offers a frequency domain solver, i.e., MoM, called F solver, and 
a fast MoM solver, i.e., similar to the MLFMM in FEKO, called the Integral (I) solver. 
In addition, Microwave Studio also offers asymptotic solvers. However, the version of 
Microwave studio (i.e., Education version) that was available for the present study did 
not include the asymptotic (or high frequency) solvers.  
 
3.4.1.3 Savant - Asymptotic (High Frequency) Solver 
Savant is an asymptotic (or high frequency) technique, based on a Shooting and 
Bouncing Ray technique. Other asymptotic (or high frequency) solvers include 
Geometrical optics, Physical Optics, Geometrical Theory of Diffraction (GTD), 
Uniform Theory of Diffraction (UTD) and Physical Theory of Diffraction (PTD). 
 
In general, asymptotic (or high frequency) solvers, are based on the concepts of ray 
tracing to describe EM wave propagation mechanisms. For example, in free space or in 
homogeneous regions, the rays are observed to behave as straight lines along which the 
light propagates, and for close to structures the rays behave under the laws of reflection 
diffraction and refraction.  
 
A description for all techniques will not be given here, only for the Shoot and Bouncing 
Ray technique, as this was used for the present analysis. 
 
Shooting and Bouncing Rays (SBR) is a technique similar to the geometrical ray tracing 
technique. However, the ray tracing procedure is simplified by representing the source 
radiation in terms of discrete ray tubes and then traces of each ray tube is done 
independently. As described by [49] each ray tube represents a pulse function that has 
uniform amplification and quadratic phase variation over its cross section. In Savant, the 
ray bundles are launched separately and processed from each short dipole source of a 
transmit antenna characterized by current sources. The ray field generated by the SBR 
algorithm , in Savant, includes the higher-order 1/R2 and 1/R3 terms, as this is necessary 
to accurately compute the scattering from surfaces near the antenna. The results due to 
each current source are then coherently united [50]. 
 
In Savant the radiated equivalent currents to observation angles/points is calculated using 
the following equation [50] 
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′ ′ ′ ′= ∇ + × ×∇ − × 
 
∫ .       (44)  
For antenna-to antenna coupling simulations with a receiver antenna the following factor 
is included in Equation (44) [50] 
 







= .                          (45) 
 
The incident electric field iE generated by implementing an antenna radiation pattern is 
determined by the following [50] 
 
 










 = +   .        (46) 
 
As described in [50], for antennas placed in close vicinity to significant scattering 
geometry, i.e., the geometry is at distance R < Rff (where Rff is the Fraunhofer field region 
of the transmit antenna) Savant requires an accurate representation of the transmitter 
antenna (and receiver antenna for coupling scenarios) in both its near and far-field 
regions. This purpose, in Savant, is served by depicting the free-standing antenna in terms 
of current sources, where each current source is a short electric or magnetic dipole with a 
position, orientation, and weight (moment). The moments (or weights) can be frequency-
dependent. The units for these moments are amp-meters and volt-meters for electric and 
magnetic sources, respectively. There are exact formulas for the fields generated by an 
electrically short (so-called Hertzian) dipole that are valid at all distances. These include 
terms proportional to 1/R2 and 1/R3 that dominate in the Fresnel (or near field) field 
region but decay rapidly to become negligible in the far-field region. Hence, the current 
source representation of an antenna is always more accurate and more broadly usable 
than its antenna radiation pattern [50]. 
 
Table 4 provides a summary of the different computational electromagnetic software 
used in the present study, along with the discretization sizes for the full wave solvers used 
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Table 4 A summary of the computational electromagnetic softwares (i.e., FEKO, 
Microwave Studio and Savant) that were used for the present study. E in the 
column titled “Version” denotes Educational (or University) version. The 
educational /University versions for FEKO and Microwave Studio had limited 
computer memory (~ 2GByte), which restricted the size of the models that could be 
used for simulation.  
 







(or mesh) size 
and type 
Version 
FEKO  FEM Full Wave F Differential < λ/10 & 
volume 
     E 
MoM Full Wave F Integral ~λ/5 &surface 














Full wave T Differential <λ/10 & 
volume 








Full Wave F Integral ~λ/5 &surface 






 Field based 
(ray 
tracing) 
    V2.1 
 
 
3.4.2 Radio Frequency Circuit Performance – ADS Systems 
It was of interest to assess the performance of a RF receiver system when subjected to 
near field power signal levels from a transmit antenna, which is in close proximity to it on 
the same mast structure.  
 
A methodology generally used to evaluate the performance of RF circuit is a Budget 
Analysis. A budget analysis, in general, determines the performance, behavior of linear 
and nonlinear characteristics of an RF system.  
 
For this study, it was of interest to evaluate the performance of a RF receiver system 
when subjected to the fitted relative near field power flux densities, from a 4x1 linear 
array-transmitting antenna in close proximity on a mast structure. The fitted relative near 
field power flux densities (in dB) of the 4x1 linear array antenna were determined for 
different locations around the antenna and mast structure, using the computational 
electromagnetic software simulations and MATLAB. The computed relative near field 
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power flux densities (in dB), entering the RF receiver system was then converted to a 
near field power signal level in dBm, assuming an effective receiver antenna area Ae.  
This near field power signal level (in dBm) was assumed to be the input signal power 
level into the RF receiver system for the budget analysis simulations.  
 
The budget analysis simulations were done using Agilent ADS Systems software. The 
performance of the RF receiver system components and system were evaluated for 
varying input signal power levels. The output parameters from the budget analysis 
simulations included third order intercept (TOI), signal-to-noise ratio (S/N), noise 
figure/factor (NF), output power, output power gain, just to name a few. 
 
The performance of two different RF receiver system circuits was assessed. One of the 
RF receiver systems included an automatic gain control (AGC) loop and the other  
did not.  
 
The RF receiver system modeled in ADS Systems had to be limited to only two-pin     
two-port linear and non-linear components in order for the budget analysis simulations. 
Therefore, antenna and demodulator components of an RF receiver system, had to be 
excluded from the RF receiver model in ADS Systems, as such components were not 
permitted in the budget analysis simulations.  
 
3.4.2.1 Radio Frequency (RF) Systems Budget Analysis Component   
 Models 
ADS Systems software was used for the present study, since it was available and is 
widely used among RF Engineers for RF circuit analysis [51].  
 
The RF budget analysis component model in ADS Systems, basically, use scattering 
matrix theory between two-port, two-pin circuit components, as depicted in  




Figure 28 Two-port, two-pin component schematic with signal wave directions. 
Image extracted from ADS Systems’ RF system Budget Analysis [52].  a1 denotes the 
signal wave into port 1, b1 denotes the wave out of port 1, a2 denotes the signal wave 
into port 2 and b2 denotes the signal wave out of port 2.  
 
The parameters for the standard scattering matrix S for a two-port, two-pin electronic 
component are as follows [52] 
 
○   Port 2 Port 1  ○ 
a1 a2 
b2 b1 
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1 11 12 1
2 21 22 2
b  s a
b  s a
s
s
     
=     
     
          (47) 
where 
 ijs , for i=j are the reflection coefficients, 
 ijs , for i≠ j, are the transmission coefficients.  
 a1 denotes the signal wave into port 1,  
 b1 denotes the signal wave out of port 1,  
 a2 denotes the signal wave into port 2 and  
 b2 denotes the signal wave out of port 2.  
 
In ADS Systems’ budget analysis the S parameters are defined with respect to a reference 
impedance at both ports 1 and 2 of 50Ω. This in turn simplifies the calculations so that 
the transmission S parameter S21, for example, is just the voltage gain of the component 
from port 1 to port 2.  
 
By solving the matrix in Equation (47) for the signal waves coming in and out of each 
port, i.e., b1 and a1 in terms of a2 and b2, yields the transmission matrix T parameters [52] 
 
   1 11 12 2
1 21 22 2
b t  t a
a t  t b
     
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 −    = =     − 
 
         (48) 
  
A detailed description and derivation for each of the different RF budget analysis linear 
and non-linear component models are given in [52], so therefore a detailed description 
will not be given here. Instead, what will be provided is a brief description of each 
component model with some mathematical model.  
For a linear passive two-port, two-pin component the noise model, is described, by the 
noise correlation matrix [N], as follows [52] 
 
{ }[N] k [I] [S][S*]T= −           (49) 
 
where 



















   
[S] =scattering matrix, and  
[S*]=the transpose of the conjugate of the [S] matrix. 
 
In addition, for passive linear component the S-parameters satisfy the energy 
conservation requirement for port index i=1 to N [52] 









          (50)
 
 
For active two-pin, two-port linear components with noise wave parameters are related to 
the more common noise parameters of NFmin, G, and Rn, i.e., minimum noise in dB, 
optimum source reflection coefficient for NFmin, and equivalent input normalized noise 
resistance, respectively. There is a physical requirement for the noise parameters of the 
two-port, two-pin active components regarding the equivalent input normalized noise 
resistance nR  that has to be met. It requires that 
( ) ( )
( )














 .  
This constraint is based on the requirement that component’s combined noise wave 
power at port1 ≥ 0. Any active component has its noise parameters checked against this 
physics requirement. Therefore, if the user supplied noise parameter NP nR<  then either 
an error will occur and the simulation will stop or the simulation will proceed by setting 
nR to this limit value.  
 
For all non-linear two-pin, two port circuit components the scattering matrix parameters 
varying with input power is based on a dataset that has been measured in a hardware 
measurement laboratory for a non-linear RF two-pin, two-port component. This dataset 
“…has been accepted as a convenient  means of characterizing non-linear devices by 
their large signal S-parameter and have been successfully used for designing power 
amplifiers and oscillators, etc…”, [52]. The noise wave parameters for nonlinear 
components are determined in the same away as those defined for an active linear 
component. The nonlinear model with defined third order intercept (TOI) is used for 
the already defined circuit components Amplifier, Amplifier2 and AGC_Amp, of the 
Budget analysis,  and only when these components are at the top of the RF system design 
being analyzed.  Some of the output parameters from the budget analysis if this model is 
used are Cmp_OutTOI and InTOI_dBm.  
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3.4.3 Mast Structure  
3.3.3.1 Rhinoceros v4 
Rhinoceros is a 3D free form geometric modeling software tool, developed by Robert 
McNeel & Associates [53]. Rhinoceros v4, was used for the present study, because of its 
availability, to design the mast structure. Once the mast structure was designed the 3-D 
model was then exported in different formats (i.e., *.obj format for Microwave Studio (or 
CST) and Savant, and parasolid (i.e.,*.x_t, *.x_b) format for FEKO) to be then imported 
into each of the CEM software tools.  
 
3.5 ERRORS AND CONSTRAINTS 
 
3.5.1 Limitations of Computation Electromagnetics (CEM) Software tools 
Computation electromagnetic (CEM) software are tools that attempt to solve the 
Maxwell’s equation in discrete form (i.e., full wave solvers) or with ray tracing technique 
(asymptotic techniques) to obtain approximate solutions with accuracy consistent with 
desired requirements. One of the main limitations of the CEM software tools for the 
present study was the limited computer memory availability (i.e., ~2GByte) associated 
with the version (i.e., Education or University version) of each of the different CEM 
software tools (i.e., FEKO and Microwave Studio (MWS)). The limited computer 
memory availability governed the finite discretization (or mesh) size, model size and 
computation time associated with full wave solver techniques (i.e., FDTD and MoM). 
Conversely, asymptotic (or high frequency) techniques (e.g., UTD, PO or SBR) could 
have been used for the present study, instead of full wave solver techniques, which would 
have supported large scale models, less computer memory and less computation time. 
However, accuracy would have been forgone.  
 
Accuracy was the primary focus for the present study, so full wave solver techniques 
were used for both free space and fitted simulations. However, asymptotic (or high 
frequency) techniques, namely Shooting and Bouncing rays (SBR) via Savant software 
was also used in the present study mainly to compare simulated results from different 
simulation techniques (i.e., full wave solver versus asymptotic techniques).  
 
 
  53 
3.5.2 Numerical Errors 
3.5.2.1 Finite Discretization  
Figure 29 illustrates the numerical error as a function of number of nodes per wavelength 
for finite discretization based numerical techniques.  
 
 
Figure 29. Numerical error as a function of number of nodes per wavelength for 
finite discretization based numerical techniques. Graph extracted from [48].  
 
As illustrated in Figure 29, as the number of nodes per wavelength increases or the 
discretization size decreases the numerical error decreases, but with an increase in 
computation time close to days. Conversely, as the number of nodes per wavelength 
decreases (i.e., discretization size increases) the numerical error increases. However, the 
computation time is reduced from days to only a few seconds. Therefore, for the present 
study a compromise had to be made between discretization size and numerical error given 
the limited computer memory available.  
         seconds               minutes   hours     days 
Computation time 
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Table 5 presents a summary of the models; numerical method; discretization sizes (where 
applicable); and associated estimated numerical error, taken from Figure 29, that was 
used for each CEM software tool in the present study.   
 
As presented in Table 5 for the fitted simulations (i.e. fitted antenna radiated patterns, 
fitted near field and fitted mutual antenna-to-antenna coupling) a larger discretization 
size, i.e. λ/10 m <∆<λ/5 m was used for the full wave solver techniques.  
 
The discretization sizes for the full wave solver techniques (i.e., FEM, MoM, FDTD and 
MLFMM) had to be adjusted for different simulation models (i.e., without and with mast 
structure) mainly due to the computer memory restrictions. In general, for all the free 
space simulations (i.e., free space antenna radiation patterns, free space near field power 
density and free space mutual antenna-to antenna coupling) a smaller discretization (or 
mesh) size, i.e.,  λ/20m <∆ < λ/10m was used for the full wave solver techniques. The 
time step t∆  used for the FDTD was ~4ns. 
 
The discretization (or mesh size) was automatically determined by MWS when the 
transient solver was activated. In addition, an accuracy of -80dB was used for the 
absorbing boundary condition in the MWS transient solver simulations.  An accuracy of -
80dB is typically a good accuracy to use for a perfect matched layer in order to absorb 
electromagnetic waves [48].  
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Table 5 Summary of the models, numerical methods and mesh sizes (where 
applicable) used for each CEM software tool in the present study.  Here 
FEM=Finite Element Method, MoM=Method of Moments, FDTD=Finite Difference 
Time Domain, MLFMM=MultiLevel Fast Multipole Method and SBR=Shooting 
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fitted near field, 
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Savant  N/A SBR N/A 
 
  56 
 
3.5.2.2 Round-off errors 
For CEM software tools round-off errors could sidle into the simulated results. The real, 
(or complex) numbers in a computer are represented by certain number of bits, (i.e., 
single precision 32-bit, and double precision 64-bit). This can limit the smallest 
difference between two numbers that the computer recognizes. In general, for FDTD 
technique this is typically not a problem and single precision numbers can be used 
without reducing accuracy. However, for MoM technique, where matrices need to be 
inverted, the finite machine precision can become a problem for not well defined 
problems [48]. To minimise any round-off numerical errors for the FEKO simulations, 
which used the inversion of matrices, all simulations, were done using double precision 
accuracy. In addition, all simulations using the MLFMM (i.e., FEKO and MWS) 
converged steadily to its convergence of ~1x10-3 accuracy.  
 
Another type of round-off numerical errors that can arise is due to the different 
simulation step sizes used in different simulations. This round-off type error became 
evident when comparing the free space linear array antenna radiation pattern between 
MWS and FEKO. There was a one degree difference in the antenna radiation pattern 
mainbeam look direction for the different antenna scan angle. This difference was most 
likely attributed to the different angle increment that was used in each CEM tool 
simulation, i.e., θ ϕ∆ = ∆ =5° in FEKO compared to θ ϕ∆ = ∆ =1° in MWS. The 
difference in angle step size affected how the CEM tool plotted the simulated results.  
 
3.5.3 Model Errors 
All antenna designs, mast structure, and antenna operational parameters for the present 
study, as mentioned previously, to the author’s knowledge, are generic and do not 
duplicate any currently available or ship fitted system. In addition to the computer 
memory limitation, which governed the size of the model simulated, it was also 
intentional to initially assess the electromagnetic characterization of the sensors and mast 
structure on a small scale in order to understand the physics and science and to verify 
numerical simulations with theory. These small scale antenna and mast structure models 
can be built upon to increase the size and include more complexity in the antenna and 
mast structure models in any future work to replicate realistic ship systems.  
 
3.5.3.1 Free space (without mast structure) 
Errors can occur due to the models used in the CEM software tools.  The main error due 
to the models, for the present study, is most likely, attributed to the circular patch and 
linear array antenna models. One way of determining the accuracy of the antenna model 
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Figure 30 illustrates a typical simulated reflection coefficient S11 as a function of 




Figure 30. Reflection coefficient, S11 as a function of frequency (in GHz) for the 
antenna model using MWS. 
 
As illustrated in Figure 30 the circular patch antenna model used for the present study has 
a resonant frequency f ~2.96GHz, as should be expected. If there were any inaccuracies 
in the design of the antenna model then errors would be evident in the antenna’s resonant 
frequency result. Furthermore, to mitigate any additional errors in the antenna model (i.e., 
single element antenna and linear array antenna models) used in the present analysis, 
comparisons were made of the simulated freespace antenna results (i.e., antenna radiation 
patterns, antenna beamwidths, antenna Directivity, linear array antenna average near field 
power density and mutual antenna-to-antenna coupling) with analytical results (or 
theory). This in turn provided an indication of the accuracy of the antenna model and the 
simulated numerical results. 
 
3.5.3.2 Fitted (with mast structure) 
For the fitted (i.e., with mast structure) simulations using numerical full wave solver 
techniques (i.e., FDTD, MLFMM and MoM) the mast structure size had to be reduced to 
include only the necessary parts of the mast structure. This reduction in mast structure 
was attributed mainly because of the limitations in the available computer memory. 
However, for the fitted simulations using Savant (i.e., SBR), which is an asymptotic (or 
high frequency) technique, modifications to mast structure model size due to computer 
memory availability was not an issue.  
 
Furthermore, the limitations in the Savant simulations included; the approximation of the 
field amplitude and phases associated with using geometrical, physical theory of 
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diffraction ray tracing methods, errors associated with modeling the array antennas 
(linear array and single element array) assuming unity moments for each electric and 
magnetic dipoles and each frequency, and infinite substrate instead of a finite substrate. 
Errors in combining coherently the radiation pattern of transmit and receive antenna 
models, in particular in case where one antenna is orientated away from the other 
antenna. 
 
3.5.4 Combined Estimated Errors 
As a result of considering the above mentioned errors, (i.e., antenna model, finite 
discretization, and round-off errors) the mitigation strategies that were used, in the 
present study to minimize these errors, i.e, antenna model and round-off errors. It is 
reasonable to assert, that the error contributing significantly to the overall error in the 
simulated free space results using full wave solver techniques is the numerical error 
associated with the finite discretization size. Therefore, it is reasonable to assert that the 
overall error for the simulated freespace simulation results using full wave solver 
techniques can be estimated to <~± 3dB. The overall error for the asymptotic (or high 
frequency) technique (i.e., SBR) can be estimated to be >± 3dB, since full wave solvers 
are in general more accurate than asymptotic (or high frequency) techniques [48].  
 
Similarly, for the fitted (i.e., fitted antenna radiation patterns, fitted near field and mutual 
antenna-to-antenna coupling) simulation results using full wave solver techniques the 
overall combined estimated error is >± 3dB, since the discretization (or mesh) size had to 
be made larger due to the computer constraints. The upper bound for the estimated error 
for the fitted simulation results using full wave solver techniques is ~± 10dB. For the 
fitted simulated results using the asymptotic (or high frequency) SBR technique, the 
estimated error is ≥~± 10dB, given that full wave solvers are more accurate than 





  59 
 
4 RESULTS AND DISCUSSION 
4.1 CIRCULAR PATCH MICROSTRIP ANTENNA 
4.1.1 Radiation Pattern 
Figure 31 illustrates the free space antenna radiation pattern as a function of elevationθ , 
cut at azimuth ϕ =0° (or E plane field) for the linear polarized circular patch microstrip 
antenna, at an operating frequency of 2.96GHz. Similarly, Figure 32 illustrates the free 
space antenna radiation pattern as a function of azimuth φ, cut at elevationθ =90° (or H 
field plane) for the linear polarized circular patch microstrip antenna at an operating 
frequency of 2.96GHz. In both, Figure 31 and Figure 32, comparisons are made, 















Figure 31. Eθ (or E plane) field as a function of elevation θ at azimuth φ=0° mode 
n=1 for linear polarized circular patch microstrip antenna.  
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Figure 32 Eφ (or H plane) field as a function of elevation θ, cut at azimuth φ=90°, 
mode n=1 for linear polarized circular patch microstrip antenna.  
 
As illustrated in Figure 31, as a first order approximation, the analytical (i.e., simple 
cavity model) E plane (or Eθ) field result is comparable with the numerical simulated E-
plane field for a circular microstrip patch antenna. However, there is a difference between 
the analytical and numerical simulated E-plane field at the endfire, i.e., θ=90°, where the 
numerical simulated E-field results either goes to zero (i.e., FEKO -assuming infinite 
substrate and ground plane) or goes to zero with a backlobe (i.e., FEKO and MWS (or 
CST) assuming a finite substrate and ground plane), whereas the analytical E-plane field 
is non-zero. This non-zero E-plane field, at the endfire i.e., θ=90°, is as expected for a 
circular patch antenna using the simple cavity model, is most likely attributed to the 
limitations and assumptions of the simple cavity model associated with the truncation of 
the substrate and ground plane to the edge of the circular patch antenna. Since the 
substrate and ground plane influences the antenna radiation near the endfire  
direction [31]. 
 
As illustrated in Figure 32 both the analytical and numerical simulated H plane (i.e., Eφ) 
field results show good agreement, except for the case for different substrate and ground 
planes. In the case of an infinite substrate and ground plane (i.e., numerical FEKO) the H 
plane field goes to zero at θ=90°, whereas, for a finite substrate and ground plane (i.e., 
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numerical FEKO and MWS) radiation tends to zero but has a backlobe at θ≥90°. This 
result is as expected and the difference is attributed to the different assumptions made 
associated with the antenna model’s substrate and ground plane. The analytical H-plane 
field result using the simple cavity model is comparable with the FEKO numerical 
simulated result assuming an antenna with an infinite substrate and ground plane. This 
would tend to suggest that, at least in the H-plane, the substrate and ground plane is 
assumed to be infinite in the simple cavity model.  
 
Further assumptions can be made to the analytical simple cavity model or other models 
can be used (e.g. cavity model with source, modal expansion model, wire grid model and 
Green’s function) to improve the analytical antenna model to characterize it more like the 
antenna model used in the CEM softwares.  However, as a first approximation the 
comparison between numerical and analytical for the single element antenna provides a 
level of confidence in the results obtained by the computational electromagnetic software 
tools given the assumptions and approximations made within the software tools 




To verify further, the single, element array, antenna model, the simulated Directivity D of 
the single element array antenna, was compared to, analytical calculation of directivity 
for a circular patch antenna.   
 
Table 6 provides the numerical and analytical calculated directivity for a circular patch 
microstrip antenna. The simulated results (i.e., FEKO and CST) for the directivity was 
obtained for different assumptions of the antenna model, mainly regarding the ground 
plane (i.e., either infinite or finite), and for different numerical techniques (i.e., Finite 
Element Method (FEM), Method of Moments (MoM) & Finite Difference Time 
Domain (FDTD)).  
 
 
Table 6 Directivity D for a linear polarized circular patch microstrip antenna 
 
Tool Technique Model Description Directivity  
(D) (dB) 
θ=0° (approx.) 
FEKO Numerical – Frequency 
Domain Solver 
Infinite ground plane 




Numerical – Frequency 
Domain Solver  
Finite ground plane 
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As presented in Table 6 the simulated directivity D (i.e. 6.4dB (FEKO-MoM)), 7.9dB 
FEKO-FEM), 8.1dB (MWS-MoM) and 8.0dB (MWS-FDTD)) are within good 
agreement with analytical calculations (7.7dB). The slight difference in magnitude 
between simulated and analytical is due to assumptions made in the antenna models both 
CEM S/W model and analytical equation. It is interesting to note that in the case where 
an infinite ground plane was assumed the directivity was much lower (i.e., 6.4dB) 
compared to the analytical result (7.7dB). This implies that there is some loss in the 
amount of energy directed into the main beam of the antenna, which suggests that a finite 
ground plane compared to an infinite ground plane improves the directivity of energy for 
an antenna. 
 
4.2 LINEAR ARRAY ANTENNA  
4.2.1 Radiation Pattern  
4.2.1.1 Free space and Fitted Radiation Pattern in elevation θ, cut at  
            azimuth=0° - Antenna Fitted Front Panel of Mast structure  
Figure 33 illustrates the normalized free space and fitted antenna radiation patterns as a 
function of elevationθ , cut at azimuth ϕ =90° for the 4x1 linear array antenna with scan 
angleθ =0° , for different antenna to mast structure front panel separations  (i.e., λ/4m and 
0.113m). For the fitted antenna radiation patterns the linear array is located at a vertical 
height h ~0.740m, from the base of the mast structure. Free space 3-D antenna radiation 
patterns for the 4x1 linear array were also obtained in each of the different computational 
electromagnetic software tools, (i.e., FEKO and MWS and Savant) and are illustrated in 
Figure 77 in Appendix A.1.  
 
It needs to be noted here that all antenna radiation patterns, both in elevation and azimuth, 
figures presented in the proceeding sections in this chapter, Chapter 4, have all been 
normalized to each of their own respective maximum electric field magnitude.  
 
MWS (or CST) Numerical – Frequency 
Domain Solver 
Finite ground plane 
model of antenna 




Numerical- Time Domain 
Solver  
Finite ground plane 





MATLAB Analytical  Bharl and Bhartia 
1980 [30] 
7.7 
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Figure 33. Normalized free space and fitted radiation pattern as a function 
elevationθ , cut at azimuth ϕ =0° for 4x1 linear array antenna with uniform 
illumination, for an antenna scan angle θ=0°.  Fitted antenna radiation pattern 
assumed antenna was located at a vertical height h ~0.740m from the base of the 
mast structure, front panel, and positioned at different distances from the mast 
structure’s front panel (i.e., 0.113m and λ/4m)  
 
As illustrated in Figure 33 there is overall good agreement in the normalized free space 
antenna radiation pattern between numerical (or simulated) and analytical results. 
However, there is some difference in the radiation pattern in the sidelobes, where the 
sidelobes of the analytical result (i.e., Mailloux 2005 [31]) of the antenna radiation 
pattern is higher than the simulated results (i.e., FEKO and MWS (or CST)). In addition, 
the antenna radiation for the numerical simulation results shows a non-zero backlobe 
whereas the analytical result shows a zero backlobe. These differences, are most likely 
attributed to the assumptions made in the linear array model in the analytical and in the 
numerical techniques. The numerical simulations assumed a circular patch microstrip 
linear array with a finite ground plane, whereas the theory used for the analytical results 
assumed just a generic linear array antenna and with no ground plane. Furthermore, as 
illustrated in Figure 33, overall the fitted linear, array antenna, radiation pattern is 
comparable with the free space antenna, radiation pattern, for both antenna to mast 
separations of λ/4m and 0.113m. This would indicate that at least in elevationθ , and  cut 
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at an azimuthϕ =0°, and at different separation between antenna from mast structure, 
there is no significant interference between the antenna and mast structure to cause any 
significant increase in antenna radiation pattern sidelobes to affect the antenna’s radiation 
pattern main beam. 
 
Figure 34 illustrates the normalized free space and fitted antenna radiation pattern as a 
function of elevationθ , cut at azimuth φ=0° for different antenna scan angles (i.e., 
θ ~5°,~11° and ~ 18°) for the linear array and different antenna-to-mast separations (i.e., 
λ/4m and 0.113m). In particular, Figure 34 (a) illustrates the antenna radiation pattern as 
a function of elevationθ , cut at azimuth φ=0° for an antenna scan angle θ  ~5°. Figure 34 
(b) illustrates the antenna radiation pattern as a function of elevationθ , cut at azimuth 
φ=0°  for an antenna scan angle θ ~11° and Figure 34 (c) illustrates an antenna radiation 
pattern  as a function of elevationθ , cut at azimuth φ=0° for an antenna scan  





       (a) 
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                                          (b)  
      
 
             (c) 
Figure 34 Normalized free space and fitted far field radiation pattern for linear 
polarized 4x1 circular patch linear array antenna as a function of elevation θ, cut at 
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azimuth φ=0°, with uniform illumination for different 4x1 linear array antenna 
electronic scan angles, (a) θ~5°, (b) θ ~11° and (c) θ ~18°. For the fitted antenna 
radiation pattern the antenna was assumed to be located at a vertical height h~ 
0.740m from the base of the mast structure, and positioned at different distances 
from the mast structure’s front panel (i.e., 0.113m and λ/4m).   
 
As illustrated in Figure 34 there is overall good agreement in the free space and fitted 
antenna radiation patterns for different antenna to mast separations using different CEM 
techniques, at each different antenna scan angle. However, there are some differences in 
the sidelobes of the antenna radiation pattern at each of the antenna scan angle, whereby, 
as the antenna scan, angle increases there is an elevation in one of the sidelobes and a 
decrease in the other sidelobe. This is most likely due to interference between the antenna 
radiation and mast structure. However, this interference does not appear to be so 
significant to cause any major impact on the antenna radiation mainbeam.  
 
It is interesting to note that there are some slight differences in the look direction of the 
antenna mainbeam between the FEKO and MWS results at different antenna scan angles. 
That is for an antenna scan angle of 5° in FEKO in MWS (or CST) it measured 6°, for an 
antenna scan angle of 11° in FEKO, it was measured 12°and an antenna  scan angle of 
18° in FEKO it was measured to be 19°. This discrepancy, is most likely attributed to, the 
angle increments used for the simulations in each of the CEM software tool. For example 
in MWS the angle increment was 1° in each simulation, whereas the angle increment 
used for the FEKO simulation was 5°. From here on each antenna scan angle will be 
described as follows; for antenna scan angle 5/6° will be ~5°, for 11/12° as ~11° and 
18/19° as ~18°.  
 
 
4.2.1.2 Free space and Fitted Radiation Pattern in azimuth φ, cut at    
 elevation θ=90°- Antenna Fitted Front Panel of Mast structure 
Figure 35 illustrates the normalized free space and fitted radiation patterns for 4x1 linear 
array antenna as a function of azimuth φ, cut at elevation θ=90°, for different antenna 
scan angles (i.e., θ =0°,~5°,~11° and ~18°). Figure 35 (a) illustrates the antenna 
radiation patterns for an antenna scan angleθ =0°, Figure 35 (b) illustrates the antenna 
radiation patterns for an antenna scan angleθ ~5°, Figure 35 (c) illustrates the antenna 
radiation patterns for an antenna scan angle θ ~11° and Figure 35 (d) illustrates the 
antenna radiation patterns for an antenna scan angle θ ~18°. The linear array antenna is 
assumed to be located at a vertical height h~ 0.740m from the base of the mast structure 
and positioned at different distances (i.e., 0.113m and λ/4m) from the mast structure’s 
front panel.  
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           (b) 
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                    (c) 
 
 
             (d) 
Figure 35.  Normalized free space and fitted far field radiation pattern for 4x1 linear 
array antenna as a function of azimuth φ, cut at elevation θ=90°, for different 4x1 
  69 
linear array antenna scan angles. (a) scan angle θ =0°, (b) scan angle θ ~5°, (c) scan 
angle θ ~11° and (d) scan angle θ ~18°. For the fitted radiation pattern the 4x1 
linear array antenna is located at a vertical height h~0.740m from the base of the 
mast structure and positioned at different distances from the mast structure’s front 
panel (i.e., 0.113m and λ/4m) 
 
As illustrated in Figure 35 (a) to Figure 35 (d), there is a significant elevation in the 
fitted antenna radiation pattern in azimuthϕ , cut at elevation θ =90°, sidelobes, for each 
of the different antenna scan angles (i.e.,  θ =0°, θ ~5, θ ~11 and θ ~18°) compared to 
the free space antenna radiation pattern in azimuthϕ , cut at elevation θ =90°. This 
elevation in the sidelobes is significant enough that it has elevated and altered the antenna 
radiation, pattern mainbeam. For example, the fitted antenna radiation pattern main beam 
is affected in that the direction of the antenna mainbeam is altered. For example, for 
antenna scan angle θ=18° the antenna radiation pattern mainbeam is directed along 
azimuth angle ϕ ~45°, in free space, compared to ϕ ~50° for the fitted antenna. 
Furthermore, there also appears to be significant impact in the fitted antenna, radiation 
pattern in azimuth ϕ  for different antenna separation from the mast structure’s front 
panel. When the antenna is placed closer to the mast structure (i.e., from 0.113m to λ/4m) 
there is a significant elevation in the antenna’s radiation pattern sidelobes, thus impacts 
the antenna radiation mainbeam. This suggests that there is significant interference 
between the antenna and mast structure in azimuthϕ . This interference, is most likely 
attributed to the mutual coupling between the perfect electrical conducting material 
surfaces of the antenna’s ground plane and the mast structure. 
 
 
4.2.1.3 Free space and Fitted Radiation Pattern in elevation θ, cut at 
azimuth φ=0 degrees-Antenna fitted Side-Panel of  
Mast Structure 
Figure 36 illustrates the normalized free space and fitted antenna radiation patterns for 
the 4x1 linear array as a function of elevation θ, cut at azimuth φ=0° for different antenna 
scan angles (i.e., θ =0°,θ ~5°,θ ~11° and θ ~18°) and different antenna separations (i.e., 
0.113m and λ/4m) from the mast structure’s sidepanel. Figure 36 (a) illustrates the 
antenna radiation patterns for antenna scan angleθ =0°, Figure 36 (b) illustrates the 
antenna radiation patterns for antenna scan angleθ ~5°, Figure 36 (c) illustrates the 
antenna radiation patterns for antenna scan angle θ ~11° and Figure 36 (d) illustrates the 
antenna radiation patterns for antenna scan angleθ ~18°.  
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                                      (a) 
 
                                       (b) 
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        (c) 
                                           (d) 
 
Figure 36. Normalized free space and fitted antenna radiation pattern for linear 
polarized 4x1 circular patch linear array as a function of elevation θ, cut at azimuth 
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φ=0° for different antenna scan angles θ , (a) θ=0°, (b) θ ~5°, (c) θ ~ 11° and            
(d) θ ~18°. For the fitted antenna radiation pattern the antenna is located at a 
vertical height h~0.782m from the base of the mast structure sidepanel and 
positioned at different distances (i.e., 0.113m or λ/4m) from the surface of the mast 
structure’s sidepanel.  
 
As illustrated in Figure 36 (a) to Figure 36 (d) there is good agreement between the 
different numerical (i.e., FEKO and MWS) simulated results in the free space and fitted 
antenna radiation patterns in elevationθ , cut at an azimuth φ=0°. However, there are 
differences in the levels of the antenna fitted radiation pattern sidelobes compared to free 
space antenna radiation, pattern sidelobes. The fitted antenna radiation, pattern sidelobes 
are either elevated on one side or decreased on the other, compared to the free space 
antenna radiation, pattern sidelobes. This is, as mentioned previously, is most likely 
attributed to the mutual interference between antenna radiation and the mast structure. 
However, there are some differences in the fitted antenna radiation, pattern mainbeam 
appearance at different antenna separations from the mast structure sidepanel. For 
example, an antenna separation of λ/4m from the mast structure sidepanel, the fitted 
antenna radiation, pattern mainbeam has a reduced beamwidth compared to the fitted 
antenna radiation pattern mainbeam beamwidth when the antenna, is positioned further 
away (0.113m) from the mast structure sidepanel. This difference, could be attributed to 
the increment size used in each of the CEM simulations. For example in MWS (or CST) a 
1° increment was used in the simulation, whereas in FEKO a 5° increment in angle was 
used in the simulations.  
 
 
4.2.1.4 Free space and Fitted Radiation Pattern in azimuth φ, cut at       
 elevation θ=90 degrees - Antenna fitted Side Panel of Mast  
 Structure 
Figure 37 illustrates the normalized free space and fitted radiation patterns of a 4x1 
linear array as a function of azimuth φ, cut at elevation θ=90° , for different antenna scan 
angles (i.e., θ =0°, ~5°, ~11° ,~18°) and positioned at different distances (i.e., 0.113m 
and λ/4m) from the mast structure sidepanel.Figure 37 (a) illustrates the antenna 
radiation patterns for antenna scan angleθ =0°, Figure 37 (b) illustrates the antenna 
radiation patterns for antenna scan angleθ ~5°, Figure 37 (c) illustrates the antenna 
radiation patterns for antenna scan angleθ ~11° and Figure 37 (d) illustrates the antenna 
radiation patterns for antenna scan angleθ ~ 18°.  
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  (a) 
 
            (b) 
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Figure 37. Normalized free space and fitted antenna radiation pattern for 4x1 linear 
array as a function of azimuth φ, cut at elevation θ=90°, for different 4x1 linear 
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array antenna scan angles. (a) θ =0°, (b) θ ~5°, (c)θ ~11° and (d) θ ~18°. For the 
fitted antenna radiation pattern the antenna was located at a vertical height 
h~0.782m  from the base of the mast structure sidepanel and positioned at different 
distances (i.e., 0.113m and λ/4m) from the mast structure’s sidepanel. 
 
Similarly, for the case where the antenna, is located at the front panel facet of the mast 
structure, as illustrated in Figure 37 (a) to Figure 37 (d), when the antenna is located on 
the sidepanel of the mast structure, as the linear array antenna scan angle, θ increases 
from 0° to ~18° the fitted radiation pattern of the 4x1 linear array antenna in azimuth is 
affected by the mast structure, where the side lobes are elevated significantly to have an 
impact on the antenna’s main beam, whereby the mainbeam profile and look direction in 
azimuth are altered. For example, for antenna scan angle θ~18° the antenna mainbeam is 
directed at angle ϕ ~45°, in free space compared to ϕ ~50°, fitted on the mast. 
Furthermore, there also appears to be significant impact in the fitted antenna radiation 
pattern in azimuth for different antenna separation from the front panel of the mast. As 
the antenna is mounted closer to the mast structure (from 0.113m to λ/4m) there is a 
significant elevation in the antenna’s radiation pattern sidelobes, impacting the fitted 
antenna’s mainbeam. For example, the antenna’s mainbeam look direction in freespace is 
ϕ ~45° compared to ~ϕ 60° for a fitted antenna located at a distance λ/4m from the mast 
structure sidepanel. This suggests that there is significant interference between the 
antenna and mast structure in azimuth that the antenna’s radiation energy is reflected off 
the mast structure and re-directed, most likely due to the interference between the two 
perfect electrical conducting surfaces of the antenna ground plane and the mast structure. 
 
4.2.2 Linear Array Antenna Beamwidths  
Table 7 provides the beamwidth of the 4x1 linear array antenna using different antenna 
models and computational techniques. The freespace, antenna radiation patterns used to 
determine the antenna beamwidths, presented in Table 7, are illustrated in Appendix A, 
SectionA.1 by Figure 78, Figure 79, Figure 81 and Figure 82. 
 
Table 7 Beamwidth of the 4x1 linear array antenna using different techniques for 
the freespace, antenna radiation pattern. Free space antenna radiation patterns 
used to determine the beamwidths are provided in Appendix A, Section A.1.  
 
Model & Technique Antenna beamwidth (°) 
 
Analytical  
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MWS  (or CST)  
(internal array wizard using single 










As shown in Table 7 there is very good agreement between the numerical and analytical 
antenna beamwidths for the 4x1 linear array. The antenna beamwidths from the simulated 
antenna radiation pattern using MWS and FEKO (i.e., ~35°) are in better agreement with 
the analytical (i.e., beamwidth =37°) antenna beamwidth than the antenna beamwidth 
from the simulated antenna radiation pattern using Savant (i.e., 32°). This would be, as 
expected, since full wave solver techniques, such as MoM and FDTD, tend to be more 
accurate compared to asymptotic (or high frequency) techniques. However, as a first 
order approximation, there is good agreement in antenna beamwidths between the 
numerical techniques and analytical results. Any difference in the antenna beamwidths 
would be attributed to the different approximations in each of the simulation tools and the 
antenna model. Overall, this good agreement in the antenna beamwidths provide some 
level of confidence in the 4x1 linear array antenna model used in each of the CEM 
software tools.  
 
4.2.3 Linear Array Antenna Directivity  
Table 8 provides the Directivity D for a 4x1 linear array antenna, assuming 
omnidirectional elements, each array element amplitude having the same weighting (i.e., 
na =1), in phase, and an array scan angle from endfire, θ =0.  
 
Table 8 Directivity for a 4x1 Linear array assuming omnidirectional elements at 
array scan angle from endfire, θ =0.  
Technique   Linear array  
Directivity D (dB) 
Numerical -FEKO  
(4x1 linear array model) 
~13 
Numerical  
MWS (or CST, using the internal array functionality)  
~14 
Analytical ~12 
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(Mailloux 2005) [32] 
 
As presented in Table 8 the numerical simulated directivity D using FEKO and MWS 
(i.e., ~13dB and ~14dB) for the 4x1 linear array antenna is comparable with the 
analytical (i.e., Mailloux 2005 [32]) directivity D (i.e., ~12dB) result. However, the 
directivity D using MWS (i.e., ~14dB) is larger in comparison to the simulated numerical 
directivity using FEKO (i.e., ~13dB) and the analytical (~12dB). This difference could be 
that the 4x1 linear array antenna in MWS was modeled by using MWS’s internal 
functionality, which determined the linear array antenna radiation pattern by using the 
antenna radiation pattern of a single element of the linear array, whereas for FEKO the 
directivity was calculated using an actual 4x1 linear array antenna model. Overall, as a 
first order approximation, the good agreement between simulated numerical and 
analytical determination of the directivity D  provides some level of confidence in the 
4x1 linear array antenna model and the simulated results from each of the CEM  
software tool.  
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4.2.4 Near Field Power Density  
4.2.4.1 Free Space Near Field Power Density 
To verify numerical simulated near field power density for the 4x1 linear array antenna 
model used in the present study, the normalized free space near field power density was 
calculated in FEKO, at a distance R=0.75m away from the antenna, and then to compared 
to the estimated average near field power density using theory from Faraone et al. 2000 
[35] and the APD Program [36]. Table 9 presents the simulated and analytical average 
near field power density results.   
 
Table 9 Averaged free space near field power density simulated and analytical for 
4x1 linear array antenna at distance from antenna R=0.75m in free space at antenna 
along boresight. Here antenna wavelength λ =0.10135m and antenna  
Gain (G) ~14.45.  
 
Technique Average near field Power density 
(dBW/m2) 
Description 
Analytical  ≈ -2.95  Faraone et al. 2000 [35] (assume antenna efficiency=1.0) 
Analytical  ≈  -2.41 APD Program [36] (assume a CF≈ -1.25 (from 
estimated extrapolation of normalized correction factor of 
full dipole (refer to  
Figure 83 in Appendix A.1) and using analytical free space 




≈ -2.90 FEKO (MoM) Circular patch 4x1 linear array antenna. 
Element illumination=1, antenna scan angle=0°. 
Averaged the simulated near field power density as a 
function of distance parallel to linear array, excluding 
endfire regions and sidelobes, assuming only 
mainbeam (refer to Figure 84 (Page 181) in Appendix 
A.1 ) 
Numerical  ≈  -3.31 Savant (SBR) (4x electric dipoles and 46x 
electric/magnetic dipoles pair) antenna model 
≈  -3.17 Savant (SBR) (4x electric and magnetic dipoles pair) 
antenna model 
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As presented in Table 9 there is relatively agreement between the simulated (i.e., FEKO 
and Savant) and the analytical estimation (Faraone and APD Program) “average” near 
field power density for the 4x1 linear array  linear array antenna in free space. There is 
particularly good agreement between the simulated average near field power flux density  
using FEKO and the analytical estimation of the near field power flux density from the 
estimation theory of Faraone et al. 2000 [35]. The analytical estimation of the average 
near field power flux density using the APD program [36] was lower in magnitude  
(i.e., ~ -2.41dBW/m2) compared to the analytical result of Faraone et al. 2000 
(~ -2.91dBW/m2) and the simulated result from FEKO (~ -2.90dBW/m2) and Savant 
(~ -3.17dBW/m2 and ~ -3.31 dBW/m2). The discrepancies between simulated and analy-
tical results, are mainly attributed to the assumptions and approximations made in 
determining the average near field power density.  
 
Overall, there is a reasonably good agreement between the analytical estimation and 
simulated average near field power density for the 4x1 linear array antenna model in free 
space. This good agreement in the free space average near field power density provides, 
as mentioned previously, a high level of confidence in the results produced by the CEM 
software tools.  
 
It was also of interest to determine how the average near field power density at different 
locations around the vicinity of the 4x1 linear array antenna in free space. The results and 
discussion, will not be presented here, but are presented in Appendix A, Section A.2.   
Suffice to say, that the free space average near field power flux density in regions above 
and below the antenna is high (i.e.,~ -4.21 dBW/m2) compared to the average near field 
power density along the axis of the array and perpendicular to the array antenna  
(i.e., ~ -6.64dBW/m2). However, lower than the average near field power density along 





4.2.4.2 Fitted Near Field Power Flux Density - Antenna fitted Front   
 Panel of Mast Structure  
 
The fitted near field power density here refers to the near field power density when the 
transmit antenna is installed or placed in close vicinity to the mast structure.  
 
Figure 38 illustrates the regions around the 4x1 linear array transmit antenna and mast 
structure, where the near fields were calculated in FEKO. Here the antenna was placed at 
distances d =λ/4 m and 0.113 m away from the surface of the mast structure.  
 


















Figure 38. Near field regions calculated for different locations around the mast 
structure and in the vicinity of the 4x1 linear array antenna in FEKO. Linear array 
antenna located at a vertical height h ~ 0.740m from base of mast structure and 
positioned at different distances, i.e.,, 0.113m and λ /4m, from mast structure front 
panel.  
 
As illustrated in Figure 38 the near field was calculated in three regions around the mast 
structure.  
• Region 1 was a region with an area of 0.95m2 (i.e., 1m x 0.95m) above the 
transmitting antenna, at distance 0.01m above the top edge of the mast 
structure’s front panel,  
• Region 2 was a circular plane region around the transmit antenna, with 
radial distances R, 0.15m ≤  R ≤ 0.75m, from the center of the antenna,  in 
azimuth φ, 0 360ϕ° ≤ ≤ ° , cut at an elevation angle θ =90°, and  
• Region 3 was a cylindrical region, using cylindrical co-ordinates 
(i.e., ( ), ,yρ φ ) along the y-axis, to include the mast structure sidepanel. 
The radial distance ρ dimension was 0.2m ≤ρ≤ 0.55m; the angle φ  







0.15m ≤ R ≤ 0.75m  
0m ≤ y ≤1.7m  
0.2m ≤ρ≤0.55m 
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The transmit antenna was positioned at different distances, i.e., 0.113m and λ/4m, from 
the mast structure front panel and different antenna scan angles (i.e., θ=0°, θ ~5°, θ~11° 
and θ~18°) were also considered. Figure 39 illustrates the transmit antenna scan angle θ 












Figure 39. Schematic illustrating the transmit antenna scan angles orientations. The 
transmit antenna scan angles θ=0, θ~5, θ~11° and θ~18° were measured from the z-
axis, which here is assumed to be directed out of page, antenna scan angle θ=0° is 
along antenna bore sight (i.e., along the z-axis).  
 
The simulated fitted relative near field power flux density for each of the three near field 
regions, as depicted in Figure 38 for each of the CEM software tools (FEKO, MWS and 
Savant) were compared where possible.  The circumstances where comparisons between 
the fitted relative near field power flux density between the different CEM software tools 
were not possible was because not all of the near field regions, as depicted in Figure 38 
could be defined in the CEM software tools (i.e., Savant and MWS).  
 
Therefore, for region1, as depicted in Figure 38 comparisons in the fitted relative near 
field power flux density results were possible between FEKO and Savant, but not for 
MWS (or CST). No comparison could be made between FEKO and MWS, despite MWS 
having 2-D plane near field monitors, because in MWS the 2-D plane monitors could 
only be defined in either the x, y or z plane, with predefined dimensions. Consequently, 
no 2-D plane monitor, could be defined, in MWS in order to replicate region 1.  
 
The fitted relative near field power flux density results for region 2, as depicted in    
Figure 38, could be compared, between FEKO and MWS (or CST). However, 
comparison could only be made at specified radial distances R from the center of the 
transmit antenna. For the same region, i.e., region 2 comparisons in the fitted relative near 
field power flux density results were possible between FEKO and Savant. However, the 
near field distribution regions in Savant could only be defined as 2-D planes. Therefore, 
in order to replicate, as close as possible the near field distribution region 2, as depicted 
in Figure 38, in Savant, 2-D planes had to be defined around the transmit antenna. In 
     Transmit antenna 
y 
Antenna scan angle, θ direction 
x 
z 
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order to provide some comparison for this report only one near field distribution 2-D 
plane was simulated in Savant.  In particular, the region was a 2-D plane in the xz –plane 
(i.e., radial distance and height from center of transmit antenna) with dimensions in the x-
plane, 0.15 m 0.75 mx≤ ≤  and z-plane, 0 m 0.75 mz≤ ≤  all measured from the center of 
the transmit antenna. This in turn meant that some post processing needed to be done in 
order to make direct comparisons between the fitted relative near field power flux density 
results from FEKO and Savant. This is because the fitted relative near field power flux 
density results from FEKO for region 2 are a function of radial distance R and azimuth 
angle ϕ , whereas the relative fitted near field power flux density results from Savant are 
a function of radial distance (R or x) and height z. Therefore, the azimuth angle ϕ  in the 
FEKO result had to be converted to a height          z value. 
 
No comparisons could be made, between the fitted relative near field power flux density 
for region 3, as depicted in Figure 38, between FEKO and MWS, or FEKO and Savant, 
since the exact or similar region could not be defined in either Savant or MWS CEM 
software tools.  
 
Figure 40 illustrates the fitted relative power flux density (dB) in region 1 (i.e., above 
panel where transmitter antenna is located) for different antenna-to-mast structure 
separations (i.e., λ/4m and 0.113m) and antenna scan angles (i.e., θ=0°, θ ~5°, θ ~ 11° 
and θ  ~ 18°) using FEKO.  
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Figure 40 Fitted relative near field power flux density (dB) in region 1 at different 
antenna-to-mast separation (from L to R) λ/4m and 0.113m and different antenna 
scan angles (from Top to Bottom ) θ=0°, θ ~5 °, θ ~11° and θ ~ 18°. All results from 
FEKO simulation. 
 
As illustrated in Figure 40 there is significantly high relative near field power flux 
density, i.e., reaching  up to 0 dB,  in the region above the antenna (i.e., region 1), for 
each of the antenna scan angles, in particular smaller scan angles, i.e., θ=0° and ~5°. 
However, there tends to an increase in intensity within this region when the antenna is 
placed further away (i.e., 0.113m), from the mast structure, compared to when it is placed 
angle of zero degrees. There is more antenna radiation to mast structure interference 
occurring for the case where the antenna in placed closer to the mast structure than 
further away. The interference here for when the antenna is closer to the structure is 
advantageous as the mast structure tends to block/scatter the antenna radiation. Thus, 
reducing the overall intensity of the power density reaching the region above the antenna, 
compared to when the antenna is place further away from the mast structure, where the 
mast structure does not obstruct as much of the antenna radiation reaching the region 
above the antenna.   
 
This overall high relative power flux density in this region above the antenna would tend 
to suggest that if there is any other antenna located within this region top of the mast it 
would encounter significantly high power density, thus experiencing interference due to 
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the transmit antenna located at the front panel. It is worth noting that this power density 
region is calculated at distances greater than the far field region of the 4x1 linear array 
transmit antenna (~ 0.8m) utilized in the present analysis. This in turn further suggests 
that there can be significantly large power density regions around the mast structure, not 
only within the near field region of the transmitter. 
 
Figure 41 illustrates the simulated fitted relative near field power flux density from 
Savant in region 1 (region dimension 0.95m x 1m), i.e., above the transmitting antenna, at 
antenna scan angles 0° and~ 11° and at an antenna to mast separation of ~ λ/4m using an 







Figure 41 Fitted relative near field power flux density (dB) in region 1 at antenna-
to-mast separation ~ λ/4m and different antenna scan angles (L to R) θ=0° and 
θ~11°. Near field distribution simulation results from Savant. 
 
As illustrated in Figure 41 the relative near field power flux density is significantly high 
(up to 0dB) in region 1, i.e., above the transmitter antenna at each different antenna scan 
angles (i.e., 0° and 11°).  
 
  86 
By comparing the fitted relative near field power flux density results from, FEKO and 
Savant, i.e., Figure 40 and Figure 41, shows overall the results are in good agreement. 
Both (i.e., FEKO and Savant) simulated results show that at an antenna scan angles of  
0° and 11° and at an antenna-to-mast separation of λ/4m there is a significantly  high (up 
to 0dB) fitted relative near field power density in region 1, i.e., above the transmitter 
antenna. However, in the Savant results this significantly high relative power flux density 
is evident across all of the region 1, with a very little section in region1, i.e., on the lower 
edges of the defined region of region 1, where there is low fitted relative near field power 
flux density (i.e., ~ -20dB). Compared to the FEKO results there is a small narrow but 
diffused area in region 1, in particular in the center of region 1, where the relative power 
flux density is low (i.e., down to ~ -25dB).  
 
Figure 42 illustrates, the fitted relative near field power flux density (dB) in region 2 
(i.e., nearby the transmitter antenna) plotted in a 2-D plane (i.e., the circular region 
extended out as a rectangular plane, with azimuth ϕ  as a function of radial distance R ). 
For different antenna to mast separations (i.e., λ/4m and 0.113m) and different transmitter 
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Figure 42. Fitted relative near field power flux density (dB) in region 2 at different 
antenna to mast separation (from L to R) λ/4m and 0.113m and different antenna 
scan angles (from Top to Bottom ) θ=0°, θ ~5° , θ ~11° and θ ~ 18°.  
 
As illustrated in Figure 42 there are regions nearby the antenna and around the mast 
panel where the transmitter is located where the fitted near field power flux density is 
significantly high (up to 0 dB). These high relative power densities nearby the 
transmitting antenna would be as expected as within these close regions the high intensity 
near fields of the antenna are evident. Furthermore, the results suggest that when the 
antenna is closer to the mast structure (i.e., λ/4m) there are regions where the power 
density is lower (< -30dB) compared to when the antenna is placed further away from the 
mast structure (i.e., 0.113m).  
 
Figure 43 illustrates the simulated fitted relative near field power density results from 
Savant, which is for a small section (i.e., 2-D plane, dimension 0.6m x 0.75m) of region 
2. As mentioned previously, the near field, power flux density, results for region 2, as 
depicted in Figure 38, is a function of azimuth angle φ and radial distance R from the 
center of the transmit antenna. Whereas, the near field power flux density results from 
Savant are plotted as a function of radial distance and vertical height from the center of 
the transmit antenna. Therefore, before any direct comparisons can be made between the 
simulated relative near field power flux density results from Savant can be compared with 
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the fitted relative near field power flux density results from FEKO the azimuth angle ϕ  
needs to be converted to a vertical height z. From basic trigonometry and geometry 
theory, the vertical height z, at a subtended angle ϕ  of a circle, with a radius R, can be 
estimated as follows, ~ sinz R ϕ .  
 
Therefore, for a radial distance R=0.5m and at subtended angle φ=50°, the vertical height 
can be estimated to be z ~0.4m. If we refer to the FEKO fitted relative near field power 
flux density results, from Figure 42, for the case where the antenna to mast separation is 
λ/4m and antenna scan angle θ=0°, at a radial distance R of 0.5m and azimuth angle 
φ=50°, the fitted relative near field power flux density is ~ -18dB. If we now refer to the 
relative near field power flux density calculated in Savant, from Figure 43, for a radial 
distance R=0.5m (along the  x-axis) and a vertical height z~ 0.4m the calculated power 
density is ~ -20dB. By considering the errors due to approximations made in each CEM 
software tool (i.e., FEKO and Savant) and height to angle estimation, overall the results 
are in good agreement.  
 
Similarly, for a transmit antenna scan angle θ~11°, and considering the same radial 
distance R=0.5m, azimuth angle ϕ =50° and antenna-to-mast separation=λ/4m, from the 
FEKO results in Figure 42, the fitted relative near field power flux density is between         
~ -15dB and ~ -25dB. Whereas, from the Savant results, from Figure 43, for the same 
radial distance R=0.5m and corresponding vertical height z ~0.4m, the fitted relative near 
field power flux density is between ~ -15dB and ~ -20dB. By taking into consideration 
errors due to numerical approximations in each of the CEM software tool (i.e., FEKO and 
Savant) and the vertical height-to-angle estimation, overall the fitted relative near field 
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Figure 43. Fitted relative near field power flux density (dB) in right hand sector of 
region 2 for an antenna-to-mast separation ~λ/4m for different antenna scan angles,  
(L to R) θ=0° and θ ~11°. The near field distribution was simulated using Savant.  
 
Figure 44 illustrates the comparison of the simulated fitted relative near field power flux 
density in region 2 (i.e., near field as a function of azimuthϕ , cut at elevation θ =90°), at 
a radial distance R=0.75m (from the centroid of the linear array antenna) using FEKO and 
MWS (or CST). The transmit antenna is positioned at different distances (i.e., 0.113m 
and λ/4m) from the mast structure’s front panel and different transmit antenna scan 
angles (i.e., θ =0°,θ ~5°, θ ~11° and θ ~18°) were considered.  
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Figure 44. Comparison of fitted relative near field power flux density as a function 
azimuth φ, cut at elevation θ=90° at a radial distance R=0.75m, from center of the 
4x1 linear array antenna, for different antenna-to-mast separation (i.e., λ/4m and 
0.113m) and different antenna scan angles θ (From Top to Bottom) θ=0°, θ ~5°, 
θ ~11°, and θ ~18°. Here the transmit antenna is located at a vertical height  
h~ 0.74m from the base of the mast structure frontpanel.  
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As illustrated in Figure 44 for an antenna-to-mast separation of 0.113m there is good 
agreement between the fitted relative near field power flux density results from FEKO 
and MWS (or CST). However, there are some differences in the antenna near field 
radiation pattern in the sidelobe and back lobes of the radiation pattern. This is due to the 
difference in the assumptions and methodology used for each simulation. For example, in 
FEKO a 4x1 linear array antenna model was used, whereas in MWS (or CST) a 3-D 
antenna radiation pattern of the  4x1 linear array was used, which was calculated using 
CST’s internal array wizard, which was then placed at the distance from the  
MAST  structure.  
 
However, when the antenna is placed closer to the mast structure, i.e., from 0.113m to 
λ/4m the near field power flux density differs quite significantly in that the near field 
power flux density has elevated sidelobes and also distortion in the main beam. This is 
mostly likely due to mutual coupling between antenna radiation pattern and mast 
structure, which would be as expected as an antenna gets closer to a large structure. The 
sharpness in the FEKO results compared to the CST results is due to the angle increments 
used in each of the simulations i.e., 5° in FEKO and 1° in CST. This sharpness can be 
smoothed by reducing the angle increment in any future FEKO simulations.  
 
Figure 45 illustrates the simulated fitted relative near field power flux density in a cross 
sectional area of region 3. The cross sectional area of region 3 that is presented here is at 
a radial distance ρ between 0.35 m 0.55 mρ≤ ≤ and angle φ between 180 300ϕ° ≤ ≤ °  
cut at a height y ~ 0.8m. Other cross-sectional areas of region 3, could have been chosen 
and presented here. However, the present cross-sectional area of region 3, was chosen as 
it represented, the near field at the mid-height of the mast structure sidepanel (i.e., 
y~0.8m). At different distances from the mast structure, sidepanel surface 
(i.e., 0.35 m 0.55 mρ≤ ≤ , here ρ =0.35m refers to distances very close or on sidepanel 
surface, and ρ =0.55m refers to vertical (or radial) distances away from the sidepanel 
surface). At positions along the mast structure sidepanel, relative from the mast structure 
edge joining the front panel and side panel (i.e.,180 300ϕ° ≤ ≤ ° , here ϕ =180° refers to 
positions further away from the mast structure edge joining front and side panels, and 
ϕ =300° refers to positions closer to the mast structure edge joining front and side 
panels). The transmitter antenna was positioned at different distances (i.e., λ/4m and 
0.113m) from the mast structure front panel and different transmitter antenna scan angles 
(i.e., θ =0°, ~ 5°, ~ 11° and ~ 18°) were considered. 
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Figure 45. Fitted relative near field power flux density (dB) in a cross sectional area 
of region 3, in particular radial ρ, 0.35 m 0.55 mρ≤ ≤  as a function of angle φ, 
180 300ϕ° ≤ ≤ ° , cut at height y ~ 0.8m, at different antenna-to-mast separation (L to 
R) λ/4m and 0.113m and different antenna scan angles (from top to bottom ) θ=0°,  
~ 5° , ~ 11° and ~ 18°. All near field computed using FEKO.  
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As illustrated in Figure 45, for a transmit antenna scan angle θ =0° and at different 
antenna-to-mast separations (i.e., λ/4m and 0.113m), there does not appear to be much 
difference in the fitted relative near field power flux density along the sidepanel, at least 
at a height y ~ 0.8m. At positions further away from the transmit antenna, i.e., φ value 
decreasing towards 180° and at radial distances from the side panel surface, i.e., 
ρ  increasing towards 0.55m, the fitted relative near field power density is low, i.e., low 
as -25dB. Whereas, as we get closer to the transmit antenna, at least to the mast structure 
edge which joins the front and side panels, i.e., ϕ increasing towards 300° and ρ 
decreasing towards 0.35m (close to the sidepanel surface) the fitted relative near field 
power density is ~ -15dB. However, there are small pockets of regions around the 
sidepanel where the fitted near field power flux density are significantly high, reaching as 
high as 0dB (i.e., 0.5<ρ≤0.55m and 285°<φ≤180°). In addition, there are also a defined 
region around the sidepanel where the fitted relative near field power density is ~ -10dB 
(i.e., 300°≤φ≤180° and 0.42<ρ<0.47m). Overall, over the cross-sectional of region 3 
presented here the dominant fitted near field power flux density varies between ~ -10dB 
to -15dB. 
 
Similarly, for an antenna scan angle θ ~ 5°, and at different antenna-to-mast separations 
(i.e., λ/4m and 0.113m), there does not appear to be much difference in the fitted relative 
near field power flux density along the sidepanel, at least at a height y ~ 0.8m. However, 
compared to antenna scan angle θ=0°, the overall fitted relative power flux density has 
reduced to vary between ~ -10dB to ~ -35dB. This reduction in near field power flux 
density is as expected, since the antenna scan angles in the present analysis directed the 
antenna mainbeam away from the side panel, for which region 3 near fields were 
calculated. The reduction trend in the fitted relative near field power flux density along 
the side panel is also similar for antenna scan angles θ ~ 11° and ~ 18°, where, overall, 
the fitted near field power flux density varies between ~ -10dB to ~ -35dB. However, 
there are very small regions along the sidepanel, at both of these antenna scan angles, 
where there is a significantly high fitted near field power flux density (reaches 0dB), but 
these regions seem to occur at positions very close to the mast structure edge that joins 
the front and side panels. However, this reduction in the fitted near field power flux 
density along the sidepanel at these larger antenna scan angles may not be the same 
occurrence for the other sidepanel on the other side of the front panel. In this 
circumstance, the fitted relative near field power flux density may instead increase, since 
the antenna main beam is directed towards it. Further analysis would need to be done to 
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4.2.3.3 Fitted Near Field Power Flux Density - Antenna fitted Side panel 
of Mast Structure 
Figure 46 illustrates the regions around the transmitting antenna and mast structure 
where the near fields were calculated. Here the antenna was positioned at different 
distances (i.e., 0.113m and λ/4m) away from the mast structure side panel and at different 




Figure 46. Schematic of the near field regions nearby the transmitting antenna when 
antenna mounted side panel at different separation distances from mast structure 
for FEKO simulations.  Here only near fields were calculated for regions A (i.e., 
above antenna) and B (i.e., around antenna). Near field regions were calculated  
in FEKO. 
 
As illustrated in Figure 46 the near field was calculated in two regions around the 
antenna and mast structure. In particular,   
• Region A was a 2-D plane region of dimensions 1mx0.7m (i.e., a 0.7m2 
area) above the transmitting antenna, at a position ~0.05m from the top 
edge of the mast structure side panel, and  
• Region B was a circular region around the antenna of radial distances 
0.15m≤R≤0.75m, from the center of the antenna, and azimuth angles 









0.15m ≤ R ≤0.75m  
~0.05m  
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Figure 47 illustrates the simulated fitted relative power flux density (including near field 
power flux density) range for region A, at different transmit antenna scan angles (i.e., 
θ=0°, ~5°, ~11° and ~18°), and different antenna separations (i.e., λ/4 m and 0.113m) 









Figure 47. Fitted relative near field power flux density in region A, i.e., above 
transmit antenna. Here it is assumed different distances from the mast structure 
sidepanel (From L to R) λ/4 m and 0.113m, and different antenna scan angles (From 
Top to Bottom ) θ=0°,θ ~5°, θ ~11° and θ ~18°. All near fields calculated 
using FEKO. 
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As illustrated by Figure 47, at a region in the same plane as the mast structure sidepanel 
and above the transmitting antenna, for each of the different antenna scan angles (i.e., 
θ=0°, ~5°, ~11°, ~18°) and antenna-to mast separations (i.e., λ/4m and 0.113m) overall 
the fitted relative near field power flux density is significantly high (i.e., between -5dB 
and 0dB). However, overall for the antenna-to mast separation of λ/4m the fitted near 
field power flux density in region A is slightly lower (~ -5dB) with small regions 
reaching a relative near field power flux density of 0dB for each of the antenna scan 
angles. Whereas, for an antenna-to-mast separation of 0.113m, overall the fitted near filed 
power flux density is as high as 0dB for each of the antenna scan angles. However, for an 
antenna-to-mast separation of 0.113m and antenna scan angle ~18° there does tend to be 
a narrow diagonal section (i.e., from the bottom to top right corner of region A) within 
region A, at antenna scan angle θ~18°, where the fitted relative near field power flux 
density is low, i.e., -15dB≤ S≤ -25dB.  A similar effect is also evident, however, to a less 
extent, for the antenna-to-mast separation of λ/4m, where the fitted relative near field 
power flux density reaches down to ~ -15dB. The occurrence in the reduction in the fitted 
relative near field power flux density, is most likely attributed to the projection of the 
antenna radiation, pattern sidelobe, as the antenna mainbeam is directed away from 
region A. The significantly high fitted relative near field power flux density in region A is 
most likely attributed to the antenna main beam, which for all antenna scan angles, 
namely θ=0,  ~5 and ~11° 
 
Figure 48 illustrates the relative fitted near field power flux density for region B (i.e., in 
the vicinity of the antenna) plotted in a 2-D plane (i.e., the circular region extended out, 
as a rectangular plane, with azimuth ϕ  as a function of radial distance R ) at different 
transmit antenna scan angles (i.e., θ= 0°, ~5°, ~11° and ~18°), and different antenna 
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Figure 48. Relative fitted near field power flux density in region B i.e., around 
antenna and mast structure side panel. Here it is assumed different antenna 
distances from mast structure side panel (From L to R) λ/4 m and 0.113m, for 
different antenna scan transmit antenna angles (From Top to Bottom) θ=0°,  θ~5°,   
θ~11°, and θ~18°. All near fields computed using FEKO. 
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As Figure 48 shows, there are regions around the mast structure panel where the 
transmitting antenna and nearby the transmitting antenna the fitted relative near field 
power flux density is significantly high, reaching up to 0dB for each antenna scan angle, 
i.e., θ=0, ~5 and ~11° and ~18° and for each antenna to mast separations (i.e., λ/4m and 
0.113m).  In addition, there are also some areas within region B where the fitted relative 
near field power flux density is reduced i.e., < -30dB. As mentioned previously, the areas 
in region B where the fitted relative near field power flux density is most likely attributed 
to the antenna main beam, and as the antenna is scanned at different angles the areas of 
significantly high relative neat field power flux density will also change. Whereas, for the 
areas where there is reduced fitted relative near field power flux density is most likely 
attributed to the antenna sidelobes. Similarly, with the antenna mainbeam, as the antenna 
is scanned to different angles the areas in region B where there is low fitted relative near 
field power flux density will also vary.  
 
These fitted relative near field power flux density results provide some indication of the 
power signal level within regions A and B, and if in case another sensor system, for 
example a receiver system is located in either region A or region B. Then with 
significantly high power signal levels could cause either damage to the front end of the 
receiver system or non-linear effects, such as desensitization (or gain compression), to the 
receiver system, impacting it’s operational performance.  
 
Figure 49 illustrates the comparison between the fitted relative near field power flux 
density as a function of azimuth φ, cut at elevation θ=90° at a radial distance R=0.75m 
for FEKO and MWS (or CST) within region B. The transmit antenna is positioned at 
different distances  (i.e., λ/4m and 0.113m) from the mast structure side panel at different 
antenna scan angles (i.e., θ =0°, θ ~5°, θ ~11° and θ ~18°).  
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Figure 49. Fitted relative near field power flux density (dB) as a function of azimuth 
φ, cut at elevation θ=90° at a radial distance R≈0.75m, for 4x1 linear array antenna 
located at different distances (i.e., λ/4m and 0.113m) from the mast structure side 
panel for different antenna scan angles (From Top to bottom) θ=0°, θ~ 5°, θ~11°,  
and θ~18°. 
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As illustrated in Figure 49 there is reasonably good agreement between the fitted relative 
near field power flux density results from FEKO and MWS simulations, for an antenna 
distance of 0.113m from the mast structure side panel, for each antenna scan angle θ=0°, 
~5°, ~11° and ~18°. However, when the antenna is placed closer to the mast structure 
(i.e., λ/4m) there is an overall elevation in the fitted relative near field power flux density. 
This elevation in the relative near field power flux density is most likely attributed to an 
increase in the mutual coupling between the antenna and mast structure, which would be 
as expected. No comparison between the FEKO and MWS fitted relative near field power 
flux density results for an antenna-to-mast separation of λ/4m  could be done, because 
MWS gave an error and simulation crashed, stating that antenna was too close to mast 
structure . The minimum antenna-to-mast separation permissible in MWS for the fitted 
simulations was 0.113m (i.e., ~ λ m).  
 
The MWS (or CST) relative fitted near field power flux density plot in Figure 49 tends to 
be smoother compared to the FEKO plots. This is mainly attributed to the difference in 
the angle increment that was used for the simulations in each of the different CEM 
simulation tool (i.e., ϕ∆ =1° in MWS (or CST) and ϕ∆ =5° in FEKO). The FEKO results 




4.3 MUTUAL ANTENNA–TO-ANTENNA COUPLING 
4.3.1 Antenna 2 located Above Antenna 1 
4.3.1.1. Free space (Without Mast Structure) 
Figure 50 illustrates the schematic of the locations of antenna 1 and antenna 2 for the 
free space mutual antenna-to-antenna coupling. Here antenna 2 (i.e., denoted as the 
receive antenna) is assumed to be orientated at an angle Φ~92.2° and at distance 
d=0.9039m relative from the center of antenna 1 (i.e., denoted as the transmit antenna). 
Antenna 1 was a 4x1 linear array and antenna 2 was a 1x1 linear array antenna.  
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Figure 50. Schematic of the locations of antenna 1 and antenna 2. Here the z-axis, or 
boresight of antenna 1 is directed out of page, and the angle of orientation Φ of 
antenna 2 is measured relative from the boresight of antenna 1. Therefore, the 
antenna 2 angle of orientation curve is highlighted here as a dotted line to indicate 
that the direction is going from out of page into the page.  
 
Figure 51 illustrates the free space mutual antenna-to-antenna coupling between antenna 
1 and antenna 2 for the case where antenna 2 is at orientated at an angle=92.2° and 
distance d=0.9039m away from the center of antenna 1. Antenna 1 is assumed to be have 
a scan angle θ=0°. In Figure 51 the analytical results, which were determined using Friis 
transmission equation and Scattering Matrix and Reciprocity Theorem [39], were 
compared to numerical simulated results using two different techniques namely Method 
of Moments (i.e., FEKO) and a Shooting and Bouncing Rays asymptotic technique  
(i.e., Savant).  
 
The S parameter results from FEKO simulations shows four different coupling plots (i.e., 
S12, S13, S14 and S15) in Figure 51 this is because the 4x1 linear array antenna assumed 
that each linear array antenna element had their own antenna feed port. Therefore the 
transmission coupling was determined between each of the 4x linear array antenna 
element feed ports and the 1x1 receive antenna element feed port. Linear array port 
description will not be given here, but is illustrated in detail in Appendix A.2. In most 
linear array antenna and subsequently phased array radars designs there is typically only 
one electromotive generator and from there the radiation is adjusted by phase shifting at 
each of the array elements. Future work can modify the present model of the linear array 
antenna to include a single antenna electromotive generator in order to determine a single 
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Figure 51. Free space mutual antenna-to-antenna coupling between a 4x1 linear 
array transmitter and a 1x1 linear array receiver, for transmit antenna scan angle 
θ=0°. Receiver antenna is located at a distance d=0.9039m and orientated at an 
angle Ф=92.2°, relative from the center of the 4x1 linear array transmitter antenna 
to feed port of receive antenna.  Antenna aperture efficiency η  for both transmitter 
and receiver antenna in the Friis transmission calculation is assumed to be unity 
(i.e., 100% efficiency). * Friis transmission with mismatch polarization and free 
space path losses * Friis transmission with free space path loss without mismatch 
polarization loss, □Scattering Matrix & Reciprocity Theorem (Roubine and 
Bolomey (1987) [39], ◊ S12 parameter –Savant (SBR) Tx and Rx current sources, ◊ 
S12 parameter–Savant (SBR) Tx current source and Rx radiation pattern, ○ S15 
parameter–FEKO (MoM), ○ S14 parameter –FEKO (MoM), ○ S13 parameter–FEKO 
(MoM), ○ S12 parameter –FEKO (MoM), and ○ S parameters average–FEKO.  
As illustrated in Figure 51 there is good agreement between the simulated results (i.e., 
FEKO and Savant) and the analytical results (i.e., Friis transmission and Scattering 
Matrix and Reciprocity Theorem [39]). The Friis transmission mutual antenna-to antenna 
coupling analytical results tend to lie in between the simulated mutual antenna-to-antenna 
coupling results from FEKO and Savant, across all the frequencies (i.e., 2.9GHz to 
3GHz). In particular, the Friis transmission mutual antenna-to-antenna coupling results 
are higher in value, despite considering power loss due to mismatch polarization, than the 
simulated FEKO mutual antenna-to-antenna coupling results. The high Friis transmission 
analytical coupling results are most likely attributed to the assumption that both antenna 1 
and antenna 2 had unity antenna aperture efficiency.  Antennas aperture efficiency η  is 
  109 
always < 1, which is due to losses within the antenna, including illumination efficiency 
(i.e., ratio of the directivity of the antenna to the directivity of a uniformly illuminated 
antenna of the same aperture size); phase error loss due to the fact that the aperture is not 
a uniform phase surface, mismatch (VSWR) loss; and RF losses between the antenna and 
the antenna feed port or measurement point. Therefore, this assumption of unity aperture 
efficiency was not valid. Therefore, if the antenna aperture efficiency was correctly 
assumed in the Friis Equation calculations, this would in turn reduce the gain for the 
transmit and receive antennas, and hence lower the Friis transmission analytical mutual 
antenna-to-antenna coupling results in Figure 51, to fit within the simulated FEKO 
mutual antenna-to-antenna coupling results.  
The simulated mutual antenna-to-antenna coupling from Savant results (i.e., assuming 
current source files for both antenna 1 and antenna 2, and current source for antenna 1 
and 3-D radiation pattern for antenna 2) lie below the analytical Friis transmission mutual 
antenna-antenna coupling results, assuming no mismatch polarization, but higher than the 
analytical Friis transmission mutual antenna-to-antenna coupling results, assuming 
mismatch polarization. It is interesting to note that when current source files were used 
for both antenna 1 and antenna 2 in Savant the mutual antenna-to-antenna coupling 
results are higher in value compared to when a current source is used for antenna 1 and 
the 3-D radiation pattern for antenna 2. Furthermore, it is interesting to highlight that 
when current sources are considered for antenna 1 and antenna 2, the simulated mutual 
antenna-to-antenna coupling results lay closer to the Friis transmission mutual coupling, 
assuming no mismatch polarization loss. Whereas, when a current file for antenna 1 and a 
3-D radiation pattern for antenna 2 is used the Savant simulated mutual antenna coupling 
results tends to be lower and comparable more with the Friis transmission coupling 
results, assuming losses due to mismatch polarization.  
It is interesting to note further from Figure 51, that the mutual antenna-to-antenna 
coupling decreases with increasing frequency. This result was evident for all analytical 
(Friis transmission equation) and simulation results (i.e., FEKO and Savant). However, 
from Figure 51, this conclusion is quite evident from the FEKO results, but not so from 
the analytical Friis transmission equation and the Savant simulated results. This is 
attributed to the large antenna-to antenna coupling (i.e., y-scale) scale that is used in 
Figure 51 in order to fit all analytical and simulated results on the one graph. By plotting 
the analytical Friis transmission and simulated Savant results on their own separate 
figures (refer to Appendix A.5, Section A.5.3) this decrease in the mutual antenna-to-
antenna-coupling with increasing frequency becomes distinct. This decrease in the mutual 
antenna-to-antenna coupling with increasing frequency is as expected, since as frequency 
increases the transmitted power increases as a function of 2f , and since the mutual 




= , means that that as 
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Figure 52 illustrates the free space mutual antenna-to-antenna coupling for different 
transmitter antenna (i.e., antenna 1) scan angles (i.e., θ~5°, 11°, and 18°) using the 
different numerical techniques (i.e., MoM and SBR). The receiver antenna (i.e., antenna 
2) is assumed to be orientated at an angle Φ=92.2° and distance d=0.9039m away from 
the center of antenna 1 to the antenna 2 feed port.  
 
 
  111 
 
Figure 52. Freespace mutual antenna-to-antenna coupling between a 4x1 linear 
array transmitter and a 1x1 linear array receiver, for different transmitter antenna 
scan angles (from Top to Bottom) θ ~ 5°, θ~11° and θ~ 18°. Receiver is assumed to be 
at an angle Φ=92.2° and distance d=0.9039m relative from the center of the 4x1 
linear array transmitter antenna to feed port of receive antenna.  ◊ S12 parameter –
Savant (SBR) Tx and Rx current sources, ◊ S12 parameter–Savant (SBR) Tx current 
source and Rx radiation pattern, ○ S15 parameter–FEKO (MoM), ○ S14 parameter–
FEKO (MoM), ○ S13 parameter–FEKO (MoM), ○ S12 parameter –FEKO (MoM), 
and ○ S parameters average–FEKO.  
 
As illustrated in Figure 52 the free space mutual antenna-to-antenna coupling Savant 
results are higher in value compared to the coupling results from FEKO. This could be 
due to the fact that Savant calculations did not consider mismatch polarization between 
transmit and receive antennas, as was noted in the freespace mutual coupling results for a 
transmit antenna scan angle of zero degrees. If mismatch polarization is considered in the 
Savant calculations, then this in turn may reduce the coupling factor to be comparable 
with the FEKO results. 
 
It is also interesting to note, that the Savant freespace mutual antenna-to-antenna coupling 
results, assuming current sources for both the transmit and receive antenna, are in better 
agreement with the FEKO freespace antenna-to-antenna coupling results. Compared to 
the Savant freespace mutual antenna-to-antenna coupling when a current source is used 
for the transmitter and a 3-D radiation pattern is used for the  
receive antenna.  
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The FEKO antenna-to-antenna coupling results decrease with increasing frequency, 
which is as expected, as more power is lost at high frequencies than at low frequencies. 
However, this decrease is not so evident in the Savant coupling results.  
 
Overall, the free space mutual antenna-to-antenna coupling between the transmit antenna 
and receive antenna, assuming the receive antenna is located at a distance d = 0.9039m 
and orientated at an angle Φ≈  92.2°, is ~ -55dB.  
 
4.3.1.1 Fitted (With Mast Structure)  
Figure 53 illustrates a schematic of the locations of antenna 1 and antenna 2 for the fitted 
mutual antenna–to-antenna coupling FEKO simulations. Antenna 1 is located at a vertical 
height h1≈0.740m from the base of the mast structure, and not explicitly shown in 
Figure 53, is positioned at a distance ~λ/4m away from the mast structure front panel.  
Antenna 2 is located at a vertical height h2≈  1.643m from the base of the mast structure, 
and slightly displaced from the top edge of the mast structure, front panel by a distance 
d ′ ≈0.03m. Relative to antenna 1, antenna 2 is orientated at an angle Φ≈92.2°, from the 
boresight of antenna 1, and a distance d=0.9039m away from the center of antenna 1 to 
the feedport of antenna 2. Similar positions for antenna 1 and antenna 2 were used for the 
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Figure 53. Schematic of the locations of antenna 1 and antenna 2 for the fitted 
mutual antenna–to-antenna coupling FEKO simulations. Antenna 1, not shown 
here, is located at distance ~λ/4m away from the mast structure, front panel.  
Antenna 2 is located at a vertical height h2≈  1.643m from the base of the mast 
structure, and slightly displaced from the top edge of the mast structure, front panel 
by a distance d ′ ≈0.03m. Relative to antenna 1, antenna 2 is orientated at an angle 
Φ≈92.2°, from the boresight of antenna 1, and a distance d=0.9039m away from the 
center of antenna 1 to the feedport of antenna 2. Similar, antenna locations and 
positions were used for the Savant simulations.  
 
Figure 54 illustrates the comparison of the fitted (i.e., with mast structure) mutual 
antenna-to-antenna coupling between a 4x1 linear array transmitter (i.e., antenna 1 ) and a 
1x1 linear array antenna passive receiver (i.e., antenna 2) for different linear array 





Antenna 1  
Antenna 2 
Front panel   
h2≈  1.643m 
d ′ ≈ 0.03m 










Figure 54. Fitted mutual antenna-to-antenna coupling between a 4x1 linear array 
transmitter and a 1x1 linear array receiver, for different transmitter antenna scan 
angles (from Top to Bottom) θ=0°, ~ 5°, ~11° and ~ 18°. Receiver is assumed to be at 
an angle Φ=92.2395° and distance d=0.9039m relative from the center of the 4x1 
linear array transmitter antenna to feed port of the receive antenna.  ◊ S12 
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parameter–Savant (SBR) Tx and Rx current sources, ◊ S12 parameter–Savant (SBR) 
Tx current source and Rx radiation pattern, ○ S15 parameter–FEKO (MLFMM), 
○S14 parameter–FEKO (MLFMM), ○S13 parameter–FEKO (MLFMM), ○ S12 
parameter –FEKO (MLFMM), and ○S parameters average–FEKO. Savant results 
included internally defined diffraction model.  
 
As illustrated in Figure 54 overall there is good combined error agreement between the 
simulated fitted mutual antenna-to-antenna coupling between FEKO and Savant. The 
Savant fitted mutual antenna-to-antenna coupling tends to agree (with combined error) 
better across all frequencies with the FEKO fitted S-parameters, S13 and S12, for transmit 
antenna scan angles θ=0° and ~18°. Whereas, for transmit antenna scan angles,   θ~5° 
and ~11° the Savant fitted mutual antenna-to-antenna coupling agrees better with the 
FEKO S-parameters, S15, S12 and S14, at the high frequency (i.e., f=3GHz) than at the 
lower frequencies (i.e., 2GHz ≤  f < 3GHz).  
 
Overall, the magnitude of the Savant fitted mutual antenna-to-antenna coupling results 
tend to be larger (i.e., ~10dB) compared to the FEKO fitted mutual antenna-to-antenna 
coupling results over all the frequencies (2.9GHz to 3GHz). There could be a number of 
reasons that attribute to this; for example, Savant does not consider losses due to 
mismatch polarization between transmit and receive antennas, as was indicated in the free 
space mutual antenna-to-antenna coupling results. In addition, the transmit antenna model 
using current source file, assumed that the current moments at each of the frequencies 
were unity and all the same. Furthermore, errors could also have slipped in with regards 
to the methodology in each CEM software tool to determine the mutual antenna-to-
antenna coupling, and the location and orientation of the antennas in each simulation tool.  
In Savant the mutual antenna-to-antenna coupling was based on using the antenna 
radiation patterns, whereas in FEKO the coupling was based on the coupling between 
each of the linear array antenna element feed ports and the receive antenna feed port. In 
addition, antenna 2 was assumed to be at a distance d≈0.9039m relative from the antenna 
1 in Savant. For FEKO, the feed ports of the linear array antenna elements, which refer to 
the S-parameters S15 and S14 both are at a distance d ≈0.9120 m away from the receiver 
antenna feed port. Whereas, the feed ports of the linear array antenna elements, which 
refer to S-parameters S13 and S12 are both at a distance d ≈0.9067m away from the receive 
antenna feed port.  Therefore, the distance between the feed ports of the linear array 
antenna elements, which refer to the FEKO S-parameters S12 and S13, are both closer to 
the calculated distance (i.e., 0.9039m, relative from the center of the transmit antenna to 
receive antenna feedport) between transmit and receive antennas used in Savant 
calculations. Then it would be expected that there would be some differences in the 
coupling results and why the Savant coupling results are more comparable with the 
FEKO S-parameters S12 and S13, compared to S15 and S14.   
Overall, for the case in which the receive antenna is fitted on a mast structure (perfect 
electrical conductor) and placed above a transmit antenna, at a distance d≈0.9039m and 
orientated at an angle, relative from the transmit antenna, Φ ≈92.2°, the fitted antenna-to-
antenna coupling is between ~ -70dB to ~ -80dB.   
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Comparing the fitted (i.e., with mast structure) mutual antenna-to-antenna coupling factor 
(i.e., ~ -70 to ~ -80dB) to the free space (i.e., without mast structure) mutual antenna-to-
antenna coupling (i.e., ~ -60dB). Assuming the receive antenna is located at a distance      
d≈0.9039m and Φ≈92.2°, relative to the center of the transit antenna, it appears that 
there is a reduction, (i.e., ~10dB), in the coupling. This would tend to indicate that there 
is some further power loss when the antennas are fitted on the mast structure than in free 
space. This in turn would suggest that there is most likely interference or scattering 
occurring between the transmit antenna and the mast structure, where the mast structure 
(due to its shape and structural design), is re-directing any scattered electromagnetic 
(EM) power from the transit antenna away from the receive antenna. In addition, there 
could also be some blockages between transmit and receive antennas by the mast 
structure, where the mast structure is blocking some of the transmit antenna EM power 
from reaching the receive antenna. 
 
4.3.2 Antenna 2 located on Side Panel  
4.3.2.1 Free space (Without mast structure) 
Figure 55 illustrates the schematic of the locations of antenna 1 and antenna 2 for the 
free space mutual antenna-to-antenna coupling simulations in FEKO. Where antenna 2 is 
orientated at an angle Φ≈89.5° (i.e., 97.5° - 8.8° (due to a slight tilt in antenna)) and at a                   
distance d =0.9101m, relative from the center of antenna 1 to the feed port of antenna 2. 
Similar locations for antenna 1 and antenna 2 were used in the free space mutual antenna-
to-antenna coupling for the Savant simulations.  
  
 
Figure 55. Schematic of the locations of antenna 1 and antenna 2 for the mutual 
antenna-to-antenna coupling, where antenna 2 is orientated at an angle Φ≈89.5° 
and at a distance d =0.9101m, relative from the center of antenna 1 to the feed port 
of antenna 2. The angle of orientation Φ for antenna 2 is depicted as a dashed curve 
to represent that the angle is measured relative from the boresight (i.e., z-axis) of 
antenna 1, which is directed out of page here.  
Figure 56 illustrates the free space mutual antenna-to-antenna coupling between a 4x1 
linear array antenna (i.e., antenna 1) and a 1x1 linear array receive antenna (i.e., antenna 
2), for an antenna 1 scan angle θ=0°. The receiver antenna is orientated at an angle 
Φ≈89.5° and at a distance d =0.9101m, relative from the center of the antenna 1 to the 
feed port of antenna 2. 
d=0.9101m 
Φ≈89.5° 
Antenna 1  
Antenna 2  
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Figure 56. Free space mutual antenna-to-antenna coupling between a 4x1 linear 
array transmitter and a 1x1 linear array receiver for transmit antenna scan angle   
θ =0°. Receiver is assumed to be at an angle Φ≈89.5° and distance d=0.9101m 
relative from the center of the 4x1 linear array transmitter antenna to the receiver 
antenna port. Antenna aperture efficiency η  for transmit and receive antennas in 
Friis equation is assumed to be unity (i.e., 100% efficiency). *Friis transmission with 
mismatch polarization and free space path losses * Friis transmission without 
mismatch polarization loss with free space path loss, □Scattering Matrix & 
Reciprocity Theorem (Roubine and Bolomey 1987) [ (39)], ◊ S12 parameter –Savant 
(SBR) Tx and Rx current sources w/o line of sight (LOS), ◊ S12 parameter–Savant 
(SBR) Tx and Rx current sources with LOS, , ◊ S12 parameter –Savant (SBR) Tx 
current sources and Rx radiation pattern w/o LOS, ◊ S12 parameter –Savant (SBR) 
Tx current sources and Rx radiation pattern with LOS, ○ S15 parameter–FEKO 
(MoM), ○S14 parameter –FEKO (MoM), ○S13 parameter–FEKO (MoM), ○ S12 
parameter –FEKO (MoM), and ○ S parameters average–FEKO.  
As illustrated in Figure 56 overall the Savant free space mutual antenna-to-antenna 
coupling results (i.e., ~ 85dB) are significantly lower (i.e., ~20dB) compared to the 
simulated FEKO free space mutual antenna-to-antenna coupling (S-parameters) results 
and the analytical Friis transmission equation results. However, tend to be good 
combined error between the Savant coupling results with simulated FEKO and analytical 
results at the high frequencies (i.e., 2.98GHz ≤ f ≤3GHz) than at the lower frequencies, 
i.e.,  2.9 GHz ≤ f < 2.98GHz.  
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This difference of ~20dB in the coupling between Savant and FEKO and Friis 
transmission results at the lower frequencies, maybe due to mismatch polarization not 
being considered in the Savant calculation. However, from the free space mutual 
coupling results at a transmit scan angle θ =0° for a receive and transmit antenna 
separation of ~ 0.9039m and angle orientation Φ ~92.2° the power loss due to mismatch 
polarization would only reduce the coupling by a few dB, whereas, in this particular case, 
the reduction is much greater. Therefore, there must be other additional reasons 
attributing to this difference. Some of the reasons could include that the receive antenna 
and thus its antenna radiation pattern, had a look direction, due to the angle of the mast 
structure side panel, away from the look direction of the transmit antenna and its main 
beam. Consequently, the method in which Savant calculates the coupling by adding 
coherently adding the antenna radiation patterns, could be that the corresponding points 
of the two antenna patterns to determine the coupling was not a maximum or not a 
minimum when it needed to be. In addition, the transmit antenna using current source file 
in the Savant simulations assumed unity current moments at each of the frequencies, 
which may not be a valid assumption.  Alternatively, there may be further power losses 
occurring between transmit and receive antennas in this case that need to be considered 
and were not considered in the FEKO simulations and the Friis transmission results. 
However, this latter reason seems less likely as there tends to be good agreement between 
the simulated (i.e., Savant and FEKO) and analytical (i.e., Friis transmission) coupling 
results at the higher frequencies.  
As mentioned previously, using current sources for the transmit and receive antenna in 
Savant calculations provide results closer to the FEKO coupling results, compared to the 
Savant coupling results when an antenna current source and 3-D antenna radiation pattern 
are used in the simulations.  
The FEKO freespace mutual antenna-to-antenna coupling parameters tend to decrease 
with increasing frequency. However, the S14 parameter tends to decrease much faster 
over the frequencies, compared to the other FEKO parameters, S12, S13 and S15.  
 
Figure 57 illustrates the free space mutual antenna-to-antenna coupling between a 4x1 
linear array transmitter antenna and a 1x1 linear array receiver antenna for different 
transmit antenna scan angles, θ ~5°, ~11° and ~18°. 
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Figure 57. Free space mutual antenna-to-antenna coupling between a 4x1 linear 
array transmitter and a 1x1 linear array receiver antenna, for difference scan angles 
(from Top to Bottom) θ ~ 5°, θ ~ 11° and θ ~18°. Receiver is assumed to be located at 
an angle Φ≈89.5° and distance d=0.9101m relative from the center of the 4x1 linear 
array transmitter antenna to the receiver antenna feed port.  ◊ S12 parameter –
Savant (SBR) Tx and Rx current sources w/o line of sight (LOS), ◊ S12 parameter–
Savant (SBR) Tx and Rx current sources with LOS, , ◊ S12 parameter –Savant 
(SBR) Tx current sources and Rx radiation pattern w/o LOS, ◊ S12 parameter –
Savant (SBR) Tx current sources and Rx radiation pattern with LOS, ○S15 
parameter–FEKO (MoM), ○S14 parameter –FEKO (MoM), ○ S13 parameter–FEKO 
(MoM), ○ S12 parameter –FEKO (MoM), and ○S parameters average–FEKO.  
 
As illustrated in Figure 57, similar results occur, as per Figure 56, for different transmit 
antenna scan angles. Overall, there tends to be good combined error agreement between 
the calculated free space mutual antenna-to-antenna coupling using FEKO and Savant for 
each of the different antenna scan angles. However, the agreement tends to be better at 
the high frequencies (i.e., 2.98GHz ≤ f ≤3GHz), than at the lower frequencies                
(i.e., 2.9 GHz ≤ f < 2.98GHz). There is ~ 20dB difference between the Savant freespace 
coupling with the simulated FEKO coupling at the lower frequencies. Some reasons that 
could be attributed to this difference, have already been described previously above, for 
the case of a transmit scan angle θ =0°, and therefore will not be repeated here. However, 
suffice to say the difference could be a combination of errors that occur relating to the 
assumptions made with antenna locations (or distances), coupling calculation 
methodology and antenna models. 
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It is also interesting to note that the FEKO coupling decreases with increasing frequency, 
which is as expected, since 2
1 αC
f
.Whereas, the Savant coupling tends to increase with 
increasing frequency. Further work will need to be done to determine the reason for this 
difference, in what we expect from theory.  
 
In addition, the antenna-to antenna coupling results in Figure 57 also show that using 
current sources, rather than a current source file and 3-D radiation pattern, for the 
transmit and receive antennas in Savant simulations provide results that are in better 
agreement with the FEKO coupling results.  
 
Overall, the freespace mutual antenna-to-antenna coupling between a transmit antenna 
and receive antenna, assuming the receive antenna is located at a distance d~0.9101m and 
orientated at an angle Φ≈89.5°, relative to the center of the transmit antenna,  
is  ~ -65dB.  
 
 
4.3.2.1 Fitted (With Mast Structure) 
Figure 58 illustrates a schematic of the locations of antenna 1 and antenna 2 for the fitted 
mutual antenna-to-antenna coupling simulations in FEKO. Antenna 1 is located at a 
vertical height h1≈0.740m along the mast structure, front panel, and positioned at a 
distance ~λ/4m away from the mast structure, front panel surface. Antenna 2 is placed 
also positioned at a distance ~λ/4m away from the mast structure side panel surface, 
however, at a vertical height h2 ≈0.840m along the mast structure side panel. Similar 
locations for antenna 1 and antenna 2 were also used for the mutual antenna-to-antenna 
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Figure 58. Schematic of locations of antenna 1 and antenna 2 for fitted mutual 
antenna-to-antenna coupling simulations in FEKO. Antenna 1 is located at a 
vertical height h1≈0.740m along the mast structure front panel, and positioned at a 
distance ~λ/4m away from the mast structure front panel surface. Antenna 2 is also 
positioned at a distance ~λ/4m away from the mast structure side panel surface, 
however, located at a vertical height h2≈0.840m from the base of the mast structure. 
Similar locations for antenna 1 and antenna 2 were used also for the mutual 
antenna-to-antenna coupling simulations in Savant.  
 
Figure 59 illustrates the comparison in the fitted mutual antenna-to-antenna coupling 
between a 4x1 linear array transmitter antenna and a 1x1 receiver antenna, for different 
transmitter antenna scan angles, θ=0,  ~5°, ~11°, and ~18° from the FEKO and Savant 
simulations. Relative to antenna 1, antenna 2 is orientated at an angle Φ≈89.5° and 
located at a distance d=0.9101m , from the center of the 4x1 linear array transmitter to the 
receiver antenna feed port.  
Antenna 1  
Antenna 2  
h1≈0.740m h2≈0.840m 
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Figure 59. Fitted mutual antenna-to-antenna coupling between a 4x1 linear array 
transmitter antenna and a 1x1 linear array receiver, for different transmit antenna 
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scan angles (from Top to Bottom) θ=0°, θ ~5°, θ ~11° and θ ~18°.  Receiver antenna is 
assumed to be located at an angle Φ≈89.5° and distance d=0.9101m relative from 
the center of the 4x1 linear array transmitter antenna to the receiver antenna feed 
port. ◊ S12 parameter –Savant (SBR) Tx and Rx current sources w/o line of sight 
(LOS), ◊ S12 parameter–Savant (SBR) Tx and Rx current sources with LOS,  ◊ S12 
parameter –Savant (SBR) Tx current sources and Rx radiation pattern w/o LOS,     
◊ S12 parameter –Savant (SBR) Tx current sources and Rx radiation pattern with 
LOS, ○S15 parameter–FEKO (MoM), ○S14 parameter –FEKO (MoM), ○ S13 
parameter–FEKO (MoM), ○ S12 parameter –FEKO (MoM), and ○S parameters 
average–FEKO. Savant results included internally defined diffraction model.  
 
As illustrated in Figure 59 overall there is good combined error agreement between the 
fitted mutual antenna-to-antenna coupling between FEKO and Savant across all the 
different transmit antenna scan angles, i.e., θ =0°, ~5°, ~11°, ~18°, and all frequencies, 
i.e., 2.9 GHz 3 GHzf≤ ≤ . There does tend to be better agreement between the Savant 
and FEKO fitted antenna-to-antenna coupling results. When in the Savant simulations the 
receive antenna was positioned on the mast structure sidepanel where the receive antenna 
had some line-of-sight with the transmit antenna radiation pattern compared to when the 
receive antenna had no line-of-sight (i.e., blocked by the mast structure) with the transmit 
antenna. Overall, in Savant using current sources files to model transmit and receive 
antennas, including the internal Savant diffraction model, did indeed give better fitted 
mutual antenna-to-antenna coupling results with the FEKO coupling, compared to using a 
current source file and a 3-D antenna radiation pattern. 
 
Overall, the fitted mutual antenna-to-antenna coupling between transmit and receive 
antennas when both are fitted on a mast structure, and assuming that the receive antenna 
is located at distance d ≈0.9101m and at an angle Φ ≈89.5°, relative from the center of 
the transmit antenna, is ~ -85dB. By comparing the freespace mutual antenna-to-antenna 
coupling (i.e., ~ -65dB), assuming the same receive antenna orientation and distance from 
antenna 1 (i.e., distance d ≈0.9101m and at an angle Φ ≈89.5°), to the fitted mutual 
antenna-to-antenna coupling (i.e., ~ 85dB), the coupling is reduced by ~20dB. This in 
turn suggests that the mast structure either blocks, scatters, or a combination of both, 
electromagnetic energy of the transmit antenna away from the receive antenna.  
 
 
4.4 DIFFERENT ANTENNA MOUNTING OPTIONS 
It was of interest to investigate some extra different mounting options for the linear array 
on the mast further to the λ/4m or 0.113m separations of the antenna and the large 
electrical mast structure, which have been modeled in mid-air without any form of 
attachment/mounting to the mast structure, which is not realistic. Therefore, to simulate 
some reality to the model four different mounting options of the antenna on the mast 
structure were considered. The mounting options considered are listed and described in 
Table 10. The different antenna mounting options in Table 10 are not meant to be an 
exhaustive list.  
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4.4.1 Antenna Radiation Pattern 
Figure 60 illustrates the comparison of the normalized free space and fitted antenna 
radiation patterns as a function of elevation θ, cut at φ=0°, for each of the different 
antenna mounting options of the 4x1 linear array antenna on the mast structure. Here the 
transmit antenna scan angle θ=0°. 
 
 
     Antenna Mounting Options  
 
Brief Model Description 
A) Fully Integrated (or flush 
mounted)  
       
Antenna mounted on front panel of 
rectangle panel mast where the antenna PEC 
ground plane is attached to the PEC mast 
panel structure 
 
B) Integrated partial boxed – front 
ends 
 
Antenna located λ/4 m from mast front 
panel , mast panel cut with the same 
dimensions as of the antenna , and antenna 
attached to mast by perfect electrical 
conductor panel s (length of antenna ) at 
both front and back 
 
C) Integrated partial boxed-side ends 
        
Antenna located λ/4 m from mast front 
panel, mast panel cut with the same 
dimensions of the antenna, and antenna 
attached to mast by perfect electrical 
conductor panels (width of antenna ) at both 
side ends 
 
D) Integrated fully boxed 
     
Antenna located λ/4 m from mast front 
panel, mast panel cut with the same 
dimensions as of the antenna, and antenna 
attached to mast by perfect electrical 
conductor panels (width of antenna ) at 
front, back and side ends 
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Figure 60. Free space and fitted radiation patterns as a function elevation θ, cut at 
φ=0°, for different antenna mounting options of the 4x1 linear array antenna on 
mast structure front panel.  All results from FEKO simulations. ― 4x1 linear array 
antenna free space, ― 4x1 linear array antenna separated 0.113m from complete 
mast structure, ― 4x1 linear array antenna separated λ/4m from complete mast 
structure, ―― 4x1 linear array antenna fully integrated with mast (mounting 
option A), ―― 4x1 linear array antenna partial boxed-front ends  (mounting 
option B), ―― 4x1 linear array antenna partial boxed-side ends (mounting option 
C) and ―― 4x1 linear array antenna fully boxed (mounting option D). 
 
As illustrated in Figure 60 there are overall good agreement in the antenna radiation 
patterns in elevation θ, cut at an azimuth angle φ=0°, for each of the different antenna 
mounting options on the mast structure. However, there are significant differences in the 
radiation pattern in the levels of the sidelobes and backlobes. In most of the different 
mounting options these sidelobes and backlobes levels, in general, did not impact too 
much on the antenna main beam. Except for the case when the antenna is fully integrated 
with the mast structure that there is decrease in the level of the mainbeam and a slight 
difference in the look direction, i.e., not 1 at elevation θ=0°. It needs to be noted that for 
the case of the fully integrated antenna mounting option, it was assumed that the mast 
was part of the antenna ground plane, i.e., the distance between the antenna and mast 
structure was equivalent to the substrate height (i.e., 0.002m). It may be of interest in any 
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future work to adjust this substrate height to determine the impact of this to the antenna 
radiation pattern, taking into consideration that the adjustment in substrate height may 
affect the antenna design and its performance.  
 
It is interesting to note that there appears to be oscillations occurring in the backlobe 
region of the antenna radiation pattern in elevation θ, cut at azimuth φ=0°, for antenna 
mounting options B, C and D (i.e., antenna is fully boxed or partially boxed). Initially, 
these oscillations were thought to be attributed to possibly some cavity resonance effects. 
However, given that the oscillations occur in the backlobe of the antenna radiation pattern 
and therefore most likely occurring at large distances, suggesting that maybe the 
oscillations are due to diffraction off some large structure at large distances. Possibly the 
diffraction could be off the edges of the mast structure model that was used in the 
simulation. Further analysis would need to be done to confirm the exact cause of these 
oscillations in the antenna radiation pattern.  
 
The fitted antenna radiation pattern for antenna mounting option D is comparable with 
the freespace antenna radiation pattern, however sidelobes are significantly elevated (i.e., 
~8dB). For antenna mounting options B and C, the fitted antenna radiation patterns are 
also comparable with the free space antenna, radiation pattern. However, compared to the 
free space antenna, radiation pattern the sidelobes are also elevated by ~5dB. Similarly, 
the fitted antenna radiation pattern for antenna mounting option A (or flushed mounting), 
is comparable with the free space antenna radiation pattern. However, the fitted antenna 
radiation pattern for mounting option A has a larger beamwidth and elevated antenna 
radiation pattern first sidelobes, i.e., ~15dB compared to the free space antenna  
radiation pattern.  
 
Furthermore, all the different mounting options tend to have reduced fitted antenna 
radiation pattern backlobe level (i.e., down ~10-20dB at θ=180°) compared to the 
freespace antenna radiation pattern.  
 
Figure 61 illustrates the comparison of the free space and fitted antenna radiation 
patterns as a function of azimuth φ, cut at elevation θ≈90°, for each of the different 
mounting options of the 4x1 linear array antenna on the mast structure front panel. 
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Figure 61. Free space and fitted antenna radiation patterns as a function of azimuth 
φ, cut at elevation θ≈90°, for each of the different mounting options of the 4x1 linear 
array antenna on mast structure front panel, at an antenna scan angle 0 .θ = °   
All results from FEKO simulations. ― 4x1 linear array antenna free space, ― 4x1 
linear array antenna separated 0.113m from complete mast structure, ― 4x1 linear 
array antenna separated λ/4m from complete mast structure, ―― 4x1 linear array 
antenna fully integrated with mast structure (mounting option A), ―― 4x1 linear 
array antenna partial boxed-front ends (mounting option B), ―― 4x1 linear array 
antenna partial boxed-side ends (mounting option C) and ―― 4x1 linear array 
antenna fully boxed (mounting option D). 
 
As illustrated in Figure 61 there is significant difference in the fitted antenna radiation 
patterns for the different options in azimuth cut an elevation angle~90 degrees. The 
difference is so significant that the main beam of the fitted antenna radiation pattern has 
changed looked directions, at azimuth anglesϕ =90° and ϕ =270° in free space, compared 
to ϕ ~80° andϕ ~280° for the fitted antenna mounting options of linear antenna fully 
boxed (i.e., mounting option D) and partially boxed-side ends (i.e., mounting option C).  
 
The oscillations in the backlobe of the antenna radiation in the azimuth φ, cut at elevation 
θ~90° does not occur, as per the fitted antenna radiation pattern in elevation θ, cut at 
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φ=0°. The fitted antenna radiation pattern for antenna mounting option D, i.e., the fully 
boxed, there tends to be significant elevation in antenna sidelobes.  
 
It is interesting to note that for the antenna mounting option A, i.e., fully integrated (or 
flush mounted) there are distortions in the fitted antenna radiation pattern compared to the 
free space antenna, radiation pattern. However, the fitted antenna radiation pattern has 
sidelobes levels lower compared to the free space antenna radiation pattern (i.e., φ=245° 
and 305°, down ~5dB and ~10dB, respectively) compared to the free space antenna 
radiation pattern. For the other entire antenna mounting options (i.e., options B and C) the 
fitted antenna radiation pattern is similar to the free space antenna pattern. However, 
sidelobes of the fitted antenna radiation pattern are elevated, i.e.,  ~5dB compared to the 
free space antenna radiation pattern. 
 
 
4.4.2  Fitted Near Field Power Flux Density in Vicinity of Antenna and 
Around Mast Structure  
 
Figure 62 illustrates the three regions around the antenna and mast structure where the 
antenna near field was calculated for each of the different antenna mounting options.  
 
As illustrated in Figure 62 near fields were calculated in three regions around the antenna 
and mast structure.  
• Region 1 is a 2-D plane region with dimensions 1m x 0.95m, positioned at 
a distance 0.01m from the top edge of the mast structure front panel, and 
above the transmit antenna,   
• Region 2 is a 2-D circular region with radial distances 0.15m≤ R≤0.75m 
and azimuth 0 360ϕ° ≤ ≤ ° , cut at elevation angle θ=90°, and  
• Region 3 is a 3-D cylindrical region, using cylindrical co-ordinates              
( , , yρ φ ), with radius 0.2m≤ρ≤0.55m, and angular 180°≤φ ≤300° and 
height 0m ≤ y ≤1.7m. 
 





















Figure 62. Near field regions in the vicinity of the integrated 4x1 linear array 
antenna and around mast structure.  
 
 
4.4.2.1 Antenna Fully Integrated (Flush Mounted) – Option A 
Figure 63 illustrates the fitted relative near field power flux density the different regions 
around the transmit antenna and mast structure for a transmit antenna that is fully 
integrated with the mast structure (i.e., antenna mounting option A) for different antenna 
scan angles, i.e., θ=0°, θ~5°, θ~11°, and θ~18°. Figure 63 (a) illustrates the fitted relative 
near field power flux density in region 1 at each antenna scan angle. Figure 63 (b) 
illustrates the fitted relative near field power flux density in region 2 (plotted as a 2-D 
plane) at each antenna scan angle. Figure 63 (c) illustrates the fitted relative near field 
power flux density in region 3, in a 2-D plane with radii 0.35 m 0.55 mρ≤ ≤  as a 












0.15m ≤ R ≤ 0.75m  
0m ≤ y ≤1.7m  
0.2m ≤ρ≤0.55m  
180° ≤φ≤ 300°  














Figure 63. Fitted relative near field power flux density (dB) at different regions 
around the antenna and mast structure for a 4x1 linear array antenna fully 
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integrated (or flush mounted) with mast structure, i.e., antenna mounting option A 
for different antenna scan angles. (a) Fitted relative near field power flux density in 
region 1 for each antenna scan angle (L to R) θ=0°, ~ 5°, ~ 11° and ~18°, (b) Fitted 
relative near field power flux density in region 2 for each antenna scan angle (L to 
R) θ=0°, θ ~ 5°, θ ~ 11° and θ ~18°, and (c) Fitted relative near field power flux 
density in region 3, at radii 0.35 m 0.55 mρ≤ ≤ as a function of angle 
180 300φ° ≤ ≤ ° , cut at height y~ 0.8m, for each antenna scan angle (L to R) θ=0°,  θ ~ 
5°, θ ~ 11° and θ ~18°.  
 
 
4.4.2.2 Integrated Antenna Partially boxed- front ends – Option B 
Figure 64 illustrates the fitted relative near field power flux density at different locations 
around the antenna and mast structure for a 4x1 linear array antenna mounted partially 
boxed-front ends on a mast structure (i.e., mounting option B) at different antenna scan 
angles, i.e., θ=0°, ~5°, ~11° and ~18°. Figure 64 (a) illustrates the fitted relative near 
field power flux density in region 1 at each antenna scan angle. Figure 64 (b) illustrates 
the fitted relative near field power flux density in region 2 (plotted as a 2-D plane), at 
each antenna scan angle, and Figure 64 (c) illustrates the fitted relative near field power 
flux density in region 3, in a 2-D plane with radii 0.35 m 0.55 mρ≤ ≤ and 






















Figure 64. Fitted relative near field power flux density (dB) at different locations 
around antenna and mast structure for a 4x1 linear array antenna partially boxed-
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front ends, i.e., mounting option B at different antenna scan angles. (a) Fitted 
relative near field power flux density in region 1, for different antenna scan angles 
(L to R) θ=0°, θ ~ 5°, θ ~ 11° and θ ~18°, (b) Fitted relative near field power flux 
density in region 2, for different antenna scan angles (L to R) θ= 0°, θ ~ 5°, θ ~ 11° 
and θ ~18°, and (c) Fitted relative near field power flux density in region 3, at radii 
0.35 m 0.55 mρ≤ ≤ as a function of angle 180 300φ° ≤ ≤ ° , cut at a height y~0.8m for 
different antenna scan angles (L to R) θ= 0°, θ ~ 5°, θ ~ 11° and θ ~18°.  
 
 
4.4.2.3 Integrated Antenna partially boxed –side ends – Option C 
Figure 65 illustrates the fitted relative near field power flux density at different locations 
around the antenna and mast structure for a 4x1 linear array antenna mounted partially    
boxed–side ends on the mast structure, for different antenna scan angles (i.e., θ=0°, ~5°,  
~11° and ~18°). Figure 65 (a) illustrates the fitted relative near field power flux density 
in region 1 at each antenna scan angle. Figure 65 (b) illustrates the fitted relative near 
field power flux density in region 2 at each antenna scan angle, and Figure 65 (c) 
illustrates the fitted relative near field power flux density in region 3 (in a 2-D plane) with 
radii 0.35 m 0.55 mρ≤ ≤ , and angles 180 300φ° ≤ ≤ ° , cut at height y~0.8m at each 


























Figure 65. Fitted relative near field power flux density (dB) at different locations 
around the antenna and mast structure for a 4x1 linear array antenna mounted 
partially boxed–side ends on mast structure, i.e., mounting option C for different 
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antenna scan angles, θ =0°, θ ~ 5°, θ ~ 11° and θ ~18°. Figure 65 (a) Fitted relative 
near field power flux density in region 1 at each antenna scan angle, Figure 65 (b) 
Fitted relative near field power flux density (dB) in region 2 at each antenna scan 
angle, and Figure 65 (c) Fitted relative near field power flux density (dB) in region 3, 
for radii 0.35 m 0.55 mρ≤ ≤  as a function of angles180 300φ° ≤ ≤ ° , cut at a height 
y~0.8m at each antenna scan angle. 
 
4.4.2.4 Integrated Antenna – Fully boxed – Option D 
Figure 66 illustrates the fitted relative near field power flux density at different locations 
around the antenna and mast structure for a 4x1 linear array antenna mounted fully boxed 
on the mast structure, for different antenna scan angles, i.e., θ=0°, ~5°, ~11° and ~18°. 
Figure 66 (a) illustrates the fitted relative near field power flux density in region 1 at 
each antenna scan angle. Figure 66 (b) illustrates the fitted relative near field power flux 
density in region 2 at each antenna scan angle,  and Figure 66 (c) illustrates the fitted 
relative near field power flux density in region 3(in a 2-D plane), at radii 























Figure 66. Fitted relative near field power flux density (dB) at different locations on 
around antenna and mast structure for a 4x1 linear array antenna mounted fully 
boxed on mast structure, i.e., mounting option D, for different antenna scan angles 
(a) Fitted relative near field power flux density in region 1 for each antenna scan 
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angle (L to R) θ=0°, θ ~ 5°, θ ~ 11° and θ ~18°, (b) Fitted relative near field power 
flux density in region 2 for each antenna scan angle (L to R) θ=0°, θ ~ 5°, θ ~ 11° and 
θ ~18°, and (c) Fitted relative near field power flux density in region 3, for radii 
0.35 m 0.55 mρ≤ ≤ as a function of angle 180 300φ° ≤ ≤ ° , cut at height y~ 0.8m for 
each antenna scan angle (L to R) θ=0°, θ ~ 5°, θ ~ 11° and θ ~18°. 
 
As illustrated in Figure 63 (a), Figure 64 (a), Figure 65 (a) and Figure 66 (a) the fitted 
relative near field power flux density in region 1, (i.e., above transmit antenna), overall is 
significantly high (i.e., up to 0dB) for each of the different antenna mounting options 
(i.e., A, B, C and D) and different antenna scan angles, i.e., θ=0°, ~5°, ~11° and ~18°. 
However, as the antenna scan angle increases the fitted relative near field power flux 
density in region 1 decreases from  0dB at the lower scan angles θ=0° and 5° to ~ -20dB 
to -30dB at antenna scan angle θ~18°. This decrease in the fitted relative near field power 
flux density with increase in antenna scan angle is attributed to the variation in the look 
direction of the antenna’s main beam. Therefore, the significantly high fitted relative near 
field power flux density in region 1 is attributed to the large power and energy in the 
antenna’s radiation mainbeam. For an antenna mounting option where the antenna is fully 
boxed (i.e., option D) the fitted relative near field power flux density in region 1 ranges 
from 0dB at smaller antenna scan angles θ=0° to -20dB (small area) at the larger scan 
angles (i.e., 18°). Similarly, for the antenna mounting option where the antenna is 
mounted partially boxed-side ends (i.e., option C) the fitted relative near field power flux 
density in region 1 ranges from 0dB at the small antenna scan angles, i.e., θ=0° and ~5° 
to -30dB, over a large area at the large antenna scan angles ,i.e., θ~11° and ~18°. 
Similarly, For the mounting option where the antenna is mounted partially boxed-front 
ends (i.e., option B) the fitted relative near field power flux density ranges for 0dB at 
smaller scan angles θ=0° to -20dB (large area, most of region 1) at the larger scan angles, 
i.e., θ~18°. Whereas, for the mounting option, where the antenna is fully integrated (flush 
mounted) with the mast structure (i.e., option A) the fitted relative near field power flux 
density ranges from 0dB at small antenna scan angle, (i.e., θ=0° to ~-20dB) at the larger 
scan angles, (i.e., θ~18°), with a very small narrow area in region 1 where the fitted 
relative near field power flux density reaches down to -30dB.  
 
As illustrated in Figure 63 (b), Figure 64 (b), Figure 65 (b) and Figure 66 (b) the fitted 
relative near field power flux density in the vicinity of the antenna, i.e., in region 2, is 
overall significantly high (i.e., reaching up to 0dB (maximum)) for the different mounting 
options at all radial distances close to the transmit antenna, (i.e., 0.15 m 0.75 mR≤ ≤ ) 
0ver all the azimuth angles 0 360ϕ° ≤ ≤ °  for all different antenna scan angles. However, 
there are slight differences for each antenna mounting option as to where the fitted 
relative near field power flux density reduces at different radial distances from the 
antenna. For example, antenna mounting option D, (i.e., antenna mounted fully boxed), 
the fitted relative near field power flux density tends to be significantly high (reaching up 
to 0dB) for most of the radial distances and azimuth angles, compared to the other 
antenna mounting options A then option B and option C. For antenna mounting option C, 
i.e., antenna mounted partially boxed-side ends the fitted relative near field power flux 
density is overall relatively low (i.e., ~ -25dB, reaching low as -30dB to -35dB 
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(minimum) in small areas) , compared to the other antenna mounting options (B, A and 
D), for most of the radial distances (i.e., 0.2 mR > ) and azimuth angles. There are, 
however, radial distances and azimuth angles where the fitted relative near field power 
flux density is high i.e., 0dB, but this tends to be at the smaller radial 
distances 0.15 m 0.2 m.R≤ < The fluctuations between high and low fitted relative near 
field power flux density may be attributed to the antenna radiation pattern and how it 
interferes with the mast structure. For significantly high (0dB) fitted relative near field 
power flux density at azimuth angles where the antenna main beam look direction should 
be, then this is mainly attributed to the to the antenna main beam. However, for other 
azimuth angles where the near field power flux density may be high could be attributed to 
coupling between the antenna and mast structure. For the low (i.e., ~ -5 to -25dB) to 
significantly low near field power flux density (i.e., ~ -25dB to -30dB) at the radial 
distances and azimuth angles, this may be attributed to the antenna radiation pattern 
sidelobes and nulls, and also mast structure blockages.  
 
The regions of high and low near field power flux density around the antenna will change 
with different antenna scan angle. This means that for an antenna scan angle there will be 
regions around the antenna where the near field power flux density will be low. However, 
as the antenna scan angle changes, the same region that initially have low near field 
power flux density may now have a high near field power flux density.  
 
As illustrated in Figure 63 (c), Figure 64 (c), Figure 65 (c) and Figure 66 (c) the fitted 
near field power flux density in general is lower in region 3 (i.e., 0.35 m 0.55 mρ≤ ≤ , 
angle 180 300φ° ≤ ≤ ° , cut y~0.8m, which refers to a cross-section of region 3 along the 
mid-section of the sidepanel). Compared to regions 1 and 2, for all different antenna 
mounting options and for different antenna scan angles.  
 
It is interesting to note, that for antenna mounting options A (i.e., fully integrated) and B 
(i.e., mounted partially boxed-front ends) there tends to be a distinct repetitive pattern of 
low and high near field power flux density in region 3. Going from the top right corner of 
region 3 (i.e., nearby the edge between front panel and side panel of the mast structure) 
towards the bottom left corner of region 3 (i.e., further along the sidepanel moving away 
from the edge adjacent the front panel and sidepanel) for each of the antenna scan 
anglesθ =0°, ~5°, ~11° and ~18°. 
 
For antenna mounting option A, and at each antenna scan angles the repetitive pattern in 
the near field power flux density, going from the top right corner ( 0.55 mρ = and 
300φ = ° ) to bottom left corner (i.e., 0.35 mρ = and 180φ = ° ) of region 3, is  low,          
i.e., ~ -30dB, then increases to between -10dB to 0dB, then decreases again to ~ -25dB to 
-30dB, and then increases to ~ -10dB to -15dB, then another decrease to ~ -30dB and 
then another increases again to ~ -15dB to ~ -20dB. The first low near field power flux 
density region in the pattern occurs at distances from the sidepanel surfaces ρ ~0.2m, 
assuming the surface of the sidepanel is at ρ =0.35m at an angle ~ 300φ ° . This means 
that in regions at vertical distances of ~0.2m from the surface of the sidepanel, and 
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relatively close to the edge adjacent to the sidepanel and front panel and at height y~0.8m 
there is a small region where the near field power flux density is low. This may be 
attributed to a blocking effect that the front panel has on the sidepanel due to the 
difference in angle that the sidepanel surface has relative to the front panel surface. The 
other low near field power flux density occurs at vertical distances from the sidepanel 
between 0.15m at angles ~300° and 0.2m for angles ~180°. At the small vertical distances 
and large angles again would refer to a region very close to the edge adjacent the front 
and side panels. So the low near field power flux density maybe attributed, as mentioned 
above, to the blocking effect that the front panel on the sidepanel due to the difference in 
angle that the sidepanel has relative to the front panel. The low near field power flux 
density at the larger vertical distances from the sidepanel surface ρ~0.2m and at smaller 
angles φ ~180°is as expected, since this refers to a region further down along the 
sidepanel, moving away from the edge adjacent to the sidepanel and front panel. Similar, 
reasoning can be asserted for the third low near field power flux density area in region 3. 
Conversely, for the sectors in region 3 where there is an increase in the near field power 
flux density mainly between 20 dB 5dBS− ≤ ≤ − , occurs at vertical distances from the 
surface of the sidepanel. In positions along the sidepanel where the front panel is not able 
to provide enough blockage to the sidepanel, so it is exposed to the antenna’s radiation 
either from antenna mainlobe, sidelobes and backlobes. 
 
For antenna mounting option B (i.e., antenna mounted partially boxed–front ends)  the 
repetitive pattern for the near field power flux density in region 3, has large distinct areas 
of low and high near field power flux density. In addition, the two sectors in region 3, 
where  there is low near field power flux densities, i.e., ≤~ -25dB, for the small antenna 
scan angles (i.e., θ =0 and θ ~5°) for the same sectors the neat field power flux density 
increases to ~ -20dB at the larger scan angles, ~ 11  and ~ 18θ θ° ° . There is no difference 
in near field power flux density in the sector of region 3 where the near field power flux 
density increases the near field power flux density is 10 dB 0 dBS− ≤ ≤ for the difference 
antenna scan angles.   
 
It is interesting to note that for antenna mounting option A the area in region 3 where the 
near field power flux density increases the near field power flux density ranges between 
20 dB 5dBS− ≤ ≤ − . Whereas, for antenna mounting option B the near field power flux 
density of increase near field power density is between 10 dB 0 dB.S− ≤ ≤ This in turn 
suggests that there is an increase in power reaching the sidepanel when the antenna is 
mounted as a partial-box with opened box side ends, compared to when the antenna is 
integrated with the mast structure. This increase in power may be attributed to resonance 
cavity effects occurring in the boxed antenna mounting, causing an increase in the EM 
energy and dissipated energy from the antenna and the open side panels of the boxed 
antenna mount.  
 
For the antenna mounting options C (i.e., antenna mounted partially boxed-side ends) and 
D (i.e., antenna mounted fully boxed) the near field power flus density in region 3 does 
not follow a distinct repetitive pattern as per antenna mounting options B and A. Instead, 
the near field power flux density for mounting options C and D is dispersed across region 
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3 (i.e., 0.35 m 0.55 mρ≤ ≤ , angles 180 300φ° ≤ ≤ °  at height y~0.8m) ranging from 0dB 
to ~ -35dB for antenna scan angles. However, for the antenna mounting option C the near 
field power flux density within region 3 overall tends to be significantly high ranging 
from 25dB 0dBS− ≤ ≤ , however, with many areas scattered within region 3 reaching 
near field power flux density 0dB compared to antenna mounting option D (i.e., fully 
boxed) where the near field power flux density mainly between 5 dB ~ ~ 35 dB.S− < < −  
 
This in turn suggests that for an antenna mounted fully boxed produces less near field 
power flux density at the side panel compared to an antenna that is mounted partially 
boxed-side ends. This increase in near field power flux density for an antenna partially 
boxed, as mentioned previously could be attributed to resonance cavity effect, where a 
buildup of energy occurs and is dissipated through the openings of the box mount.  
 
The fitted relative near field power flux density, overall, tends to decrease along the mid-
section of the mast structure sidepanel (i.e., cross-section of region 3) with increasing 
antenna scan angle.  This would be as expected, since as the antenna scan angle increases 
the antenna mainbeam is directed away from the sidepanel where near fields are 
calculated for region 3. However, this decrease in near field power flux density with 
increasing antenna scan angle may not be the same paradigm for the other side panel, 
since the antenna mainlobe is directed towards it with increasing antenna scan angle. It 
would be of interest in any future work to calculate the near fields at this other sidepanel 
with increasing antenna scan angles.  
 
The fitted relative near field power flux density presented here for region 3 is only a 
cross-section along the mid-section (i.e., height y~0.8m) of the mast structure sidepanel. 
Therefore, it necessitates to be stated that the fitted relative near field power flux density 
may vary at different places along the sidepanel mast structure. It would be of interest in 
any further work to determine the fitted relative near field power flux density at different 
positions around the mast structure sidepanel, e.g. top and bottom portions of the side 
panel.  
 
4.5 NON-LINEAR EFFECTS OF A RF RECEIVER SYSTEM 
4.5.1 Receiver System  
Figure 67 illustrates a simple schematic of a radio frequency receiver system with an 
automatic gain control (AGC) loop. The RF receiver system schematic template was 
based on the simple RF receiver system schematic from ADS Systems [54], with several 
modifications in the electronic component parameters. Antenna and demodulator 
components, which are typically associated with RF receiver system, were omitted from 
the RF receiver system schematic in Figure 67 because such components were not 
permitted in a budget analysis simulation in ADS Systems. A budget analysis was 
performed for the RF system depicted in Figure 67. Electronic component parameters 
and specifications for the RF receiver system depicted in Figure 67 are provided in 
Appendix A, Section A.6, Table 13.  
 
  152 
 
Figure 67. Schematic of RF receiver system with an AGC loop.  RF system circuit 
template extracted from ADS Systems Budget Analysis_AGC examples [54], with 
several modifications in the electronic component parameters.  
 
The input signal power level inP  (in dBm) to be used as input power in the budget analysis 
simulations was determined by calculating the transmitted power (in dBm) received at the 
receiver antenna assuming a receiver antenna effective area eA . 
 
The transmitted power in this present study relates to the simulated fitted near field power 
flux density results for the 4x1 linear transmitting antenna presented in the previous 
chapter, Chapter 3, which ranged from -50dB to 0dB. To convert this fitted relative near 
field power flux density, which was normalized relative to 1W/m2,  into dBm, a factor of 
30 dB is subtracted, which gives a range for the fitted near field power flux density (in 
dBm) between -80dBm to -30dBm. Then assuming that all of this fitted relative near field 
power flux density ( in dBm) reaches the receiver antenna, then the actual input power 
signal level, inP entering the RF receiver system is the fitted near field power flux density 
(in dBm) plus the effective antenna area of the receiver (in dB). The receiver antenna 







≈ , assuming wavelength 0.10135mλ = and antenna 
power gain rG ~5 for the 1x1 single circular patch antenna) which is equivalent to -24dB. 
Therefore, the input signal power level inP  from the transmitted linear array antenna 
entering the receiver system is assumed to be in104 dBm 54 dBmP− ≤ ≤ − . It is this input 
signal power level inP  range (i.e., 104 dBm 54 dBminP− ≤ ≤ − ) that is used as the varying 
input power signal level for the budget analysis simulations. In addition, the input 
frequency, f for all the budget analysis simulations was 2.96GHz.  
 
Figure 68 illustrates the calculated noise figure NF (denoted by parameter NF_RefIn_dB 
as defined by ADS Systems budget analysis) from system input to component output 
(assuming a 50 Ω source and load resistance) as a function of each component index for 
the RF receiver system circuit depicted in Figure 67.  
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Figure 68. Noise figure/factor for each component in RF system depicted in RF 
system depicted in Figure 67. Here, Cmp_index=0 denotes bandpass filter (BPF2), 
Cmp_index=1 denotes the automatic control gain amplifier (AGC_Amp), 
Cmp_index=2 denotes the RF amplifier (AMP2), and Cmp_index=3 denotes the 
automatic gain control power control (AGC_Pwr_control).  
 
As illustrated in Figure 68 the noise factor increases from 0dB, at the bandpass filter 
(denoted by Cmp_index=0) to 3dB at the AGC amplifier (denoted by Cmp_index=1) and 
remains at this level at each of the other circuit components (RF amplifier and AGC 
power control). From the budget analysis this means that the RF receiver system, 
depicted in Figure 67, has a noise factor NF of 3dB. 
 
Figure 69 (a) illustrates the computed output power, OutPwr_dBm from each system 
component (i.e., Cmp_Index=0, 1, 2 and 3) for varying input signal power inP  
(i.e., n104 dBm 54 dBmiP− ≤ ≤ − ) for the RF receiver system depicted in Figure 67. 
Figure 69 (b) illustrates the computed total output signal-to-noise ratio, 
OutSNR_Total_dB from each system component (i.e., Cmp_Index 0, 1, 2 and 3) for 
varying input signal power inP n(i.e. 104 dBm 54 dBm)iP− ≤ ≤ −  for the RF receiver 
system depicted in Figure 67. 
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(a)                                                                                   (b) 
Figure 69 Power delivered into system at component output (left image, (a)) and 
signal-to-noise (S/N) for power delivered into system load at component output 
(right image, (b)) for each component of RF system depicted in Figure 67. Here       
— inP = -104dBm, — inP = -92dBm, — inP = -80dBm, — inP = -68dBm,                      
— inP = -56dBm, and — inP = -54dBm. Here Cmp_Index=0 refers to the electronic 
component denoted as BPF_Butterworth, Cmp_Index=1 refers the electronic 
component denoted as AGC_Amp, Cmp_Index=2 refers to electronic component 
denoted as Amplifier2 and Cmp_Index=3 refers to the electronic component denoted 
as AGC_PwrControl, as depicted in the RF receiver system in Figure 67. 
 
As illustrated in Figure 69, as the input signal power inP  into the RF system increases, 
the output power of the system also increases, as would be expected. In particular, for 
each input power signal level there is a ~ 10dB increase in the output power after the 
nonlinear AGC amplifier (i.e., Cmp_Index=1). Similarly, as the input power inP  increases 
so too does the signal-to-noise ratio, i.e., OutSNR_Total_dB, which is as expected, 
assuming the noise level is constant.  However, for each input power signal inP , the output 
signal-to-noise ratio, OutSNR_Total_dB
 
decreases, i.e., ~ 3dB, from its maximum value 
at the output of the bandpass filter (i.e., Cmp_index=0) to the output of the nonlinear 
AGC amplifier component (i.e., Cmp_index=1). Where it remains at this level for each of 
the other RF circuit components (i.e., Cmp_index=2 (amplifier 2) and Cmp_index=3 
(AGC power control)).  
 
 
4.6.3 Receiver Desensitization (or Gain Compression) 
Desensitization (or gain compression) occurs when a strong signal applied to a RF 
receiver system can reduce the receiver gain and overall sensitivity, reducing its ability to 
detect RF signals. If it is assumed, for discussion purposes, that the sensitivity (or 
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minimum input signal required to produce a specified signal-to-noise ratio ( S
N
) at the 
output port of the receiver) min( )S  for the RF receiver system, depicted in Figure 67, has 








of ~105dB, assuming a receiver system noise factor/figure, NF of 3dB, 
operating temperature T=290°K and bandwidth (BW) =1.25 kHz. 
 
 
From the above Figure, Figure 69 (b), illustrates that for input power signal levels          






 has minimum values > 105dBm. Therefore, this 
indicates that for a receiver system with similar circuitry schematics, as depicted in 
Figure 67, with a minimum input signal required to produce a specified signal-to-noise 
ratio ( S
N
) threshold of -65dBm, a bandwidth of 1.25kHz , NF=3dB and operating at 
temperature 290K. The output power signal level from the transmitting 4x1 linear array 
antenna transmitter may indeed be high enough to cause desensitization (or gain 
compression) to the RF receiver system.  
 
Figure 70 illustrates the minimum signal to noise ratio level as a function of input power, 
signal level. Assuming the RF receiver system has a minimum signal power, level 
threshold of -65dBm, for it to be able to detect RF signals; this in turn corresponds to a 
minimum S/N ratio for the RF receiver system of -105dB. However, as the input signal 
power levels increases the minimum S/N ratio will also increase. However, as RF receiver 
systems are designed to operate with different specifications and with limitations, as per 
the minimum input signal power threshold, then if input power signal levels exceed this 
threshold (related also to antenna gain) this in turn will cause a gain compression (or 
desensitization) of the receiver system affecting its operations.  
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Figure 70. Minimum signal to noise ratio (S/N)min  as a function of input signal 
power level Pin for a RF receiver system with a noise factor NF=3dB, operating 
temperature T=290K and BW=1.25kHz, and a minimum signal level threshold         
~ -65dBm. Here — Theory, and —Budget analysis simulation (i.e., from above 
figure, Figure 69 (b)) with a least square fit curve denoted by red line.  
 
Desensitization of an RF receiver system due to large input signal powers can also be 
described by gain compression of a non-linear electronic component.  
 
Figure 71 illustrates a simple RF system with only a nonlinear electronic component, i.e., 
an amplifier. The amplifier, depicted in Figure 71, is assumed to have the same 
specifications as the amplifier (i.e., Amp2) in the RF receiver system depicted in Figure 
67. It was further assumed that the amplifier had a gain G =5, operating frequency of 
2.96GHz, third order intercept of (or third order harmonic) of 30.6, and a power 
saturation/threshold level of -65dBm. The input power signal levels niP were varied from      
-100dBm to 0dBm. Output power level, Pout as a function of input power signal level, Pin 
was computed and plotted doing a gain compression simulation in ADS Systems.  
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Figure 71. Schematic of RF system to evaluate gain compression of a non-linear 
component due to large input signal power levels. Schematic template adopted from 
ADS Systems examples [54].  
 
Figure 72 illustrates the comparison of simulated output signal power level, Pout as a 
function of input signal power level, Pin  for a linear and non-linear component response.  
 
 
Figure 72. Simulated output signal power level Pout as a function of input signal 
power level Pin. 
 
As illustrated in Figure 72, and as expected, for a linear component the output power 
response increases linearly with increasing input signal power levels. However, for the 
cases of nonlinear components, there is a saturation level where as the input power signal 
level increases there is no further increase in the output signal power.  
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Figure 73 illustrates the simulated gain G of the nonlinear component (i.e., amplifier 
denoted as Amplifier2 depicted in Figure 71) as a function of input signal power  




Figure 73. Simulated gain compression of the nonlinear component (i.e., amplifier) 
as a function of input signal, power level. In this simulation an interpolation was 
used to give better resolution.  
 
As illustrated in Figure 73 the gain G of the amplifier remains constant (i.e., 5) as input 
power, signal level Pin increases. However, when the input power signal level Pin reaches 
the pre-defined amplifier’s power threshold (i.e., ~ -65dBm) the amplifier gain G 
commences to decrease (or compresses) and continues to decreases as the input power Pin 
increases. This compression in the amplifier’s gain G, if an amplifier is included in a RF 
receiver system, can impact the ability of the receiver system to detect weak RF signals. 
Figure 74 illustrates a schematic of another type of a RF receiver system, which includes 
a mixer and local oscillator. The RF system circuit template was adopted from ADS 
Systems Budget Analysis examples [54]. Parameters and specifications for each 
electronic component of the RF receiver system, depicted in Figure 74, are presented in 
Appendix A.6 in Table 14. 
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Figure 74. RF receiver system schematic with mixer and local oscillator. RF system 
circuit template adopted from ADS Systems’ Budget Analysis Examples [54]. 
 
Figure 75 illustrates the RF system budget, analysis parameters for the RF receiver 
system depicted in Figure 74, assuming no nonlinear effects. Input power signal levels 
Pin were varied from -104dBm to -50dBm and component and system performance 
parameters were computed doing a budget analysis simulation in ADS Systems. 
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Figure 75. RF system parameters for RF receiver system depicted in Figure 74. Here 
nonlinear effects are not enabled in the simulation. For graphs OutSNR_Total_dB 
vs. Cmp_Index and OutPwr_dBm vs. Cmp_Index   
— inP =-104dBm, — inP =-93.2dBm, — inP =-82dBm, — inP =-71.6dBm,  
— inP =-60.8dBm, and  — inP = -50dBm.  
 
As illustrated in Figure 75 the third order intercept (TOI) parameters (i.e., OutTOI and 
InTOI) shows a result of 1000 for each of the circuit component, which is as expected, 
since 1000 is the default value given to these parameters by ADS Systems’ budget 
analysis when nonlinear effects are excluded from the budget analysis simulations. All 
other output parameters (e.g. output power, output gain and noise factor NF and S/N 
ratio) show the typical linear responses to a varying input signal, power level.  
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Figure 76 illustrates the RF system parameters for the RF receiver system depicted in 
Figure 74 when nonlinear effects (3rd order in this case) are enabled in the simulation. It 
was assumed that the amplifier (i.e., Amplifier2) had a maximum power level of -65dBm.  
 
 
Figure 76. RF system parameters for RF receiver system depicted in Figure 74. Here 
nonlinear analysis (3rd order) is enabled. For graphs OutSNR_Total_dB vs. 
Cmp_Index, OutPwr_dBm vs. Cmp_Index, and OutPGain_dB vs. Cmp_Index             
— inP = -104dBm, — inP = -93.2dBm, — inP = -82dBm, — inP =-71.6dBm,                —
inP =-60.8dBm, and — inP = -50dBm.  
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As illustrated in Figure 76 the third order intercept (TOI) parameters (i.e., OutTOI and 
InTOI) vary in magnitude compared to when nonlinear effects are excluded from the 
simulation. For example, the input TOI (i.e., InTOI_dBm parameter) is ~ 25dB, and the 
output TOI (OutTOI_dBm) has varied from 1000 for the linear components to ~ 25dB 
at the non-linear electronic components. Furthermore, there are also some significant 
compression occurring in the output power OutPwr_dBm and output signal-to-noise ratio 
OutSNR_Total_dB for input signal power  levels, Pin= -60.8dBm and inP =-50dBm , which 
is most likely attributed to the nonlinear effects. For example, there is a ~ 10dB reduction 
in the output signal-to-noise ratio, OutSNR_Total_dB for the input power signal level inP  
=-50dBm and -60.8dBm. Furthermore, for the output power OutPwr_dBm there is a 
reduction of -15dB for the input signal power level inP =-50dBm and -5dB reduction for 
the input power signal level inP =-60.8dBm. This reduction or compression is further 
illustrated by the reduction in the computed output gain, OutPGain_dB for similar input 
power signal levels, inP = -60.8dBm and -50dBm. Furthermore, as illustrated in Figure 
76, the computed output gain, OutPGain_dB from the non-linear components (i.e., 
Amplifer2, denoted by Cmp_Index=2) reduces significantly, i.e., ~5dB for input power 
signal level inP = -60.8dBm and ~ 15dB for input signal power level inP = - 50dBm.  
 
4.6.2 Sub-Harmonic Distortion 
Sub-harmonic distortion is due to interference between a transmitter and receiver systems 
is when the transmitter causes a harmonic distortion effect in the receiver system. If we 
consider a RF receiver system, as depicted in Figure 67, where it is assumed that the RF 
receiver system has an input third harmonic (or order) intercept (TOI) of 30.6dBm and a 
maximum 3rd harmonic level HL of -100dBm, then the maximum allowable input 
power inP at the fundamental is -12.93dBm (i.e., ( 1) /n TOI HL n= − + ). Therefore, this 
means that input powers inP  at the fundamental less than < -12.93dBm is allowed before 
any third order harmonic distortions occur in the receiver system, assuming a TOI of 30.6 
and harmonic limit of -100dBm.  
 
Since the input signal power levels of the 4x1 linear array antenna inP  (i.e., -104dBm to    
-54dBm) in the present case is significantly less than the maximum allowable signal 
power level (i.e., -12.9dBm) of the receiver system before any 3rd order sub-harmonic 
distortions should occur, this suggests that these input power signal levels there should be 
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4.6.3 Other Non-linear Effects 
Damage to front-end of the receivers, intermodulation distortions and cross modulation 
non-linear effects has not been considered here. Damage to front end receivers has not 
been considered, as this will depend on the damage level thresholds of the receiver 
system itself and will differ for different systems. Damage level threshold of a receiver 
antenna is typically provided by the systems manufacturer’s specifications as a power 
density, and by calculating the transmitted power density and comparing to the front end 
receiver damage thresholds provided by the system’s manufacture can an assessment be 
made to determine for damage will occur to the front end of the receiver system.  
 
Intermodulation distortions and cross modulation non-linear effects are typically due to 
interference between multiple transmitters and a receiver. Therefore, since in the present 
study only one transmitter and one receiver system was considered non-linear effects due 
to intermodulation and cross modulation was not assessed.  However, for any future work 
where more transmitters are considered on a mast structure, such non-linear effects will 
need to be considered. 
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5 CONCLUSIONS AND FUTURE WORK 
The present work provides a preliminary electromagnetic characterization of integrated 
masts as a possible mitigation strategy for ship radio frequency electromagnetic 
interference. Radio frequency systems (e.g. electronic warfare, radar and communication) 
systems integrated on a central mast structure is not a new concept for modern navy 
ships, and is becoming practically standard for modern navy ships. However, the concept 
of integrating radio frequency system on a central mast structure has in most cases been 
attributed to the housing of phased array radar systems, as part of a ship’s upgrade 
programs. It is only in recent years, i.e., <~5 years, that there has been papers published 
claiming that integrated masts can eliminate co-site electromagnetic interference between 
radio frequency systems.  However, there is a dearth of information in the open literature 
supporting such claims, especially when one considers that having RF systems collocated 
on a central mast structure and in close proximity to each other, and in many cases 
possibly within the near field of transmitting systems, that large near field power signals 
can cause major interference between such systems. In addition, having antennas in close 
vicinity of a large structure can interfere with the antenna radiation pattern and also cause 
structural blockages, thus affecting the operational performance of the radio frequency 
system.  
 
Therefore, this study provides an electromagnetic assessment of co-located antennas on a 
central mast structure. In particular, it assumed a worst case scenario, whereby the mast 
structure is a perfect electrical conductor to maximize the interference between mast 
structures and the antennas. Small scale models for antennas and mast structure was 
considered in the present study for a number of reasons. One reason was due to the 
limitations of the computation electromagnetic tools available for the present study but 
also to understand the physics and science in assessing the electromagnetics.  
 
The electromagnetic characterization assessment for the present study was done using 
different numerical techniques including full wave solvers and asymptotic solvers. The 
full wave solver numerical techniques used include Finite Element Method, Method of 
Moments (includes Multi-Level Fast Method of Moments), Finite Difference Time 
Domain. The asymptotic technique used was a shooting and bouncing ray technique. All 
simulation results for the present study was primarily done using full wave solver 
techniques, mainly to maintain accuracy. All simulated numerical results, where possible, 
were compared to analytical results. For cases where comparisons between simulated 
numerical results with analytical results were not possible, the simulated numerical 
results were compared with each other, however, using different numerical solver 
techniques (e.g. MoM vs SBR).  
 
From this study for a 4x1 linear array transmit antenna on a generic octagon shape 
rectangular faceted sloped panel mast structure the following conclusions can be asserted: 
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• Overall, the mast structure did reduce the mutual antenna-to-antenna coupling. The 
mutual antenna-to-antenna coupling was reduced greater (i.e., by ~20dB) when the 
receiver antenna was located on the mast structure side panel, relative to the mast 
structure panel where the transmit antenna was located. Compared to when the 
receiver antenna was placed above and on the same mast structure panel as the 
transmit antenna, where the mutual antenna-to-antenna coupling was reduced by ~ 
10dB. However, further work will need to be done to fully conclude that integrated 
masts do indeed eliminate RF EMI. However, the present analysis does provide 
some positive indication that a central mast structure may aid in reducing mutual 
coupling between antennas collocated on a central mast. 
• The mast structure can affect the antenna radiation pattern, depending on how the 
antenna is mounted on the mast structure. For the 4x1 linear array antenna used in 
the present study the mast structure had some significant effect on the antenna 
radiation pattern in azimuthϕ , cut an elevationθ =90°.  
• The fitted relative near field power flux density when the 4x1 linear array transmit 
antenna was fitted onto the mast structure was significantly high, reaching up to 
0dB, mainly in regions around and above the transmit antenna.  However, there 
were regions around the mast structure, mainly on the mast structure side panel, 
relative to the transmit antenna location, where the fitted relative near field power 
flux density was low i.e., ~ -20dB to -30dB.  
• Transmit antenna scan angles are important to consider, since there may be regions 
around the transmit antenna and mast structure where for certain antenna scan 
angles there is a low near field power flux density and thus a relatively benign 
place to locate another antenna. However, such benign locations tend to depend on 
the scan angle of the transmit antenna.   
• Non-linear effects of RF receiver systems are a critical concern for integrated 
masts. From the present analysis, despite only a simple RF receiver systems being 
considered, there were significantly high input power signal levels, due to the 
calculated near field power flux density from the transmit antenna, that caused 
desensitization (or gain compression) to the RF receiver system.  
In any future work it would be interesting to consider different type of material for the 
present analysis mast structure model, rather than perfect electrical conductor material, 
and to add more features and complexity to the mast structure model to replicate a more 
realistic ship mast structure. In addition, future work should consider different mast 
structure shapes (e.g. cylindrical or conformal shape masts). In any future work, this 
initial study could be built upon, that is to increase the size of the mast structure, antennas 
and include ship structure, to reflect more closely a real ship with its onboard systems and 
its central mast structure. As the number of sensor systems accommodated on a central 
mast structure increases other non-linear effects (e.g. cross modulation and 
intermodulation), other than desensitization (or gain compression) and sub-harmonic 
effects can occur  and need to be considered, in particular when sensor systems are 
located in very close vicinity to each other, and the effect of high intensity near electric 
fields.  
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APPENDIX A 
A.1  FREE SPACE 4X1 LINEAR ARRAY RADIATION PATTERN AND 
BEAMWIDTHS  
 
Figure 77 illustrates the simulated 3-D antenna radiation patterns for the 4x1 linear array 
antenna from each of the different computational electromagnetic software tools, namely 
FEKO and CST and Savant at frequency f=2.96GHz.. Each antenna radiation pattern for 
the 4x1 linear array antenna was calculated using different models of the 4x1 linear array. 
For example, in FEKO the antenna radiation pattern was based on manually designing the 
linear array using the circular patch single element antenna. In Microwave Studio (or 
CST), the antenna radiation pattern was calculated by using the MWS internal array 
wizard functionality, whereby the radiation pattern of a multiple array antenna can be 
calculated by just determining the radiation pattern of the single element of the array. In 
Savant, the radiation pattern was calculating by designing a 4x1 linear array antenna with 





   
 
 
4x1 linear array antenna 
Z 
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Figure 77. 3-D radiation pattern along boresight for the 4x1 linear array antenna in 
the computation electromagnetic software tools (From top to bottom) FEKO (MoM), 
Microwave Studio (or CST) (FDTD) and Savant (SBR–current source, 2x models). 
antenna 
antenna 
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Figure 77 the 3D radiation pattern for 4x1 linear array antenna are similar in shape. 
However, there is some difference in the radiation pattern from Savant compared to 
FEKO and Microwave Studio. The significant difference is that the side lobes do not 
appear, from the perspective in which the image is shown. However, the sidelobes are 
present but are just not large enough to be seen in the image. To illustrate that the side 
lobes are present a polar plot of the radiation pattern is also shown in Figure 77. 
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Figure 77. Alongside the Savant 3D radiation pattern. Another difference between 
all three antenna radiation patterns are the color radiation pattern intensity this 






Figure 78 illustrates the normalized free space radiation pattern ( )f θ as a function of 
elevationθ  (in radians) along boresight for 4x1 linear array antenna with uniform 
illumination. 
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Figure 78. Normalized free space radiation pattern ( )f θ as a function of u (=sin (θ ) 
cos (φ =0), (Mailloux 2005 [32]) along boresight for a 4x1 linear array antenna with 
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Figure 79 illustrates the normalized free space radiation pattern as a function of azimuth 
(along boresight for a 4x1 linear array antenna using current sources in Savant.  
 
Figure 79. Normalized free space radiation pattern as a function of elevation (along 
boresight for a 4x1 linear array antenna using current sources in Savant. 
Beamwidth (= -3dB (or 0.5) from maximum or FWHM) ≈32°. — 4x1 linear array 
antenna current source model, assuming 4x electric dipoles to replicate each of the 
PEC single element antenna and 42x electric & magnetic dipole pairs to replicate an 
infinite substrate and ground plane, and ○ 4x1 linear array antenna current source 
model assuming 4x electric and magnetic dipole pairs replicating each PEC single 




Figure 80. Image of antenna current source model in Savant assuming 4x electric 
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Figure 81 illustrates the normalized free space radiation pattern as a function of azimuth 
(along boresight) for a 4x1 linear array antenna in FEKO.  
 
 
Figure 81. Free space radiation pattern as a function of elevation θ, cut at azimuth 
φ=0° for 4x1 linear array antenna model in FEKO. Beamwidth (=-3dB (or 0.5) from 


















-3dB (or ½ maximum height) 
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Figure 82 illustrates the normalized free space radiation pattern as a function of azimuth 





Figure 82. Free space radiation pattern as a function of elevation θ, cut at azimuth 
φ=0° for 4x1 linear array antenna model in Microwave Studio (or CST). Beamwidth  
(= -3dB (or 0.5) from maximum or FWHM) ≈34° (=2x ≈17°). 
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A.2 FREE SPACE AVERAGE NEAR FIELD POWER DENSITY 
CALCULATIONS FIGURES 
 
Figure 83 illustrates the extrapolated normalized correction factor of the normalized 
correction factor electric field from the APD Program [36]. The extrapolation curve was 
done using MATLAB curve fitting tools. The extrapolated curve fit had a function of 
0.259-4.728 5.902y x= +  with a root mean square error (RMSE) =0.1038 and 95% 
confidence bound. 
 
Figure 83. Calculated extrapolated normalized correction factor and normalized 
correction factor electric field from the APD_Program [36] distance all normalized 
to 1.5λ . Extrapolated curve fit function is 0.259-4.728 5.902y x= + , using MATLAB 
curve fitting tools.  
 
Figure 84 illustrates the calculated relative near field power, density (dB) along the x-axis 
for the 4x1 linear array antenna model in FEKO. The near field was calculated at a 
distance 0.75m away from the center of the linear array antenna. Only the near field in 
the main beam was considered to calculate the free space average near field power 
density.  
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(a) 
    
(b) 
 
Figure 84. Relative near field power density (dB) along the linear array (assumed 
along x-axis), excluding sidelobes, at a distance R= 0.75m away from and in front of 
antenna. (a) FEKO results; and (b) Savant Results, −4x electric and magnetic dipole 
linear array antenna length~2λ m 
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pair linear array antenna model; and * 4x electric dipole and 46x electric and 
magnetic dipole pair linear array antenna model. 
Figure 85 illustrates the schematic of the near field calculations in the vicinity of the 4x1 
linear array antenna using FEKO. In particular, near field power density was calculated 
for four different regions in the vicinity of the antenna, they include (i) above, (ii) below 
and (iii) right side and (iv) left side of the antenna. The analysis was done using FEKO 





Figure 85. 3D schematic in FEKO of locations where near field power density was 
calculated at different locations in the vicinity of the 4x1 linear array antenna.  
 
As illustrated in Figure 85 the near field regions on either side of the antenna were 
calculated at a distance 0.75m from the center of the linear array over an area of 0.48m2 
(0.6m x 0.8m).  For the near field regions above and below the antenna, the near field was 
calculated in regions 0.1m above and below the antenna, from the center of the antenna, 
over an area of 0.42m2 (0.6m x 0.7m). The calculated average near field power density 
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Table 11 Calculated average near field power density in locations in the vicinity of 
the 4x1 linear array in free space. For completeness previously calculated boresight 
average near field power density has been included.  
 
Location in vicinity of antenna Calculated average Near field Power 
Density (dBW/m2)  
 
Above & Below (at a distance 
0.75m from center of antenna) 
 
-4.21 
Right & Left Side (at a point along 
y-axis 0.05m from center of 
antenna) -perpendicular to array 
axis. 
 
             -6.64 
Boresight               -2.90 
 
 
As presented in Table 11 it is, as expected, the average near field power density above 
and below the antenna is high (i.e., -4.21 dBW/m2) compared to the near field power 
density along the axis of the array and perpendicular to the array (-6.64 dBW/m2), but 
lower than the near field power density along boresight (-2.90 dBW/m2). These results 
provide some overall indication as to the regions around the antenna of high and low near 
field power density when an antenna is to be fitted on a mast structure on a ship platform. 
Fitted near field power density analysis is provided in section, Section 4.2.4.2  
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A.3  ESTIMATED VERTICAL HEIGHT AS A FUNCTION OF AZIMUTH 
ANGLE WITH DIFFERENT RADIUS OF A CIRCLE 
Figure 86 illustrates the estimated vertical height (in m) as a function of angle (in 
degrees) for different radial distances. Figure 86 was used to relate the calculated power 
density flux in region 2 (i.e., radial distance as a function of azimuth angle) defined in 
FEKO, with the partial region of region 2 as defined in Savant, which was defined as a 
radial distance as a function of vertical distance. 
 
 
Figure 86. Estimated vertical height (in m) as a function of angle (°) for different 
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A.4  FITTED RELATIVE NEAR FIELD POWER FLUX DENSITY IN REGION 
2 AT RADIAL DISTANCE R≈0.75M FOR DIFFERENT ANTENNA 
MOUNTING OPTIONS 
Figure 87 illustrates a comparison of the fitted relative near field power flux density (in 
dB) in region 2 at a radial distance R ≈0.75m, from the center of the array antenna for 
each of the different antenna mounting options on the mast structure and for different 
antenna scan angles (i.e., θ=0°, θ ~5°, θ ~11° and θ ~18°). For completeness, the 
calculated relative near field power flux density (i.e., FEKO and CST) when the transmit 
antenna is positioned at distances 0.113m and λ/4m from the complete mast structure are 
included also in Figure 87. 
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Figure 87. Fitted relative near field power flux density (dB) in region 2 at a radial 
distance R≈0.75m from the center of the array antenna for different mounting 
positions and different antenna scan angles (from Top to Bottom) θ=0°, ~5°, ~11°, 
and ~18°. ●Numerical-FEKO 4x1 linear array antenna separated λ/4m from 
complete mast structure, xΝumerical-Microwave Studio (or CST) 4x1 linear array 
antenna separated 0.113m from complete mast structure, ●Numerical-FEKO 4x1 
linear array antenna separated 0.113m from complete mast structure, +Numerical-
FEKO 4x1 linear array antenna fully integrated with mast structure (mounting 
option A), +Numerical-FEKO 4x1 linear array antenna partial boxed-front ends 
(mounting option B) , +Numerical-FEKO 4x1 linear array antenna partial boxed-
side ends (mounting option C), and +Numerical-FEKO 4x1 linear array antenna 
fully boxed (mounting option D).  
 
As illustrated by Figure 87, there is an overall elevation in the relative near field power 
density at a distance of R=0.75m from the center of the transmit antenna for each of the 
different mounting options at for each antenna scan angle. More so, at the larger scan 
angles (i.e., 11° and 18°) than the lower antenna scan angles (0° and ~5°) compared to 
when the antenna is placed from the mast structure at distances of 0.113m and λ/4m. 
  
Overall, antenna mounting option A (i.e., flush mounted or fully integrated) compared to 
the other antenna mounting options (B,C, and D)  appears to have distinct regions of high 
and low relative near field power density regions, at all antenna scan angles, around the 
antenna and mast structure. The relative near field power densities for the different 
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mounting options B, C and D tend to have an overall high relative near field power flux 
densities around the antenna, at each different antenna scan angle. 
 
The coarseness in the FEKO curves in Figure 87 is attributed to the increment that was 
used in the FEKO simulations for the azimuth φ (i.e., ϕ∆ =5°) compared to an angle 
increment ( ϕ∆ =1°) in Microwave Studio (or CST). This coarseness can be smoothed out 
by reducing the increments in future FEKO simulations.   
 
 
A.5 MUTUAL ANTENNA-TO-ANTENNA COUPLING  
A.5.1 Mutual antenna-to-antenna coupling S–parameters notation in 
computational electromagnetic software 
Figure 88 illustrates the 4x1 linear array antenna numbering system used for the antenna-
to-antenna mutual coupling ijS  parameters in FEKO for the present study. In FEKO the 
subscript i in S parameter ijS refer to the receiver and the j subscript in the S parameter 




Figure 88. The antenna-to-antenna mutual coupling S-parameter notation for the 
4x1 linear array antenna in FEKO. 
 
As illustrated in Figure 88 antenna element denoted by the number 4 refers to the j 
subscript =5, element number 2 refers to S parameter j subscript =3, element number 1 
refers to the S parameter j subscript =2, and element number 3 refers to the S parameter j 
subscript=4. For example, the S parameter ijS for the mutual coupling between the 4x1 
linear array antenna element 2 and the 1x1 receiver antenna (i=1) would be denoted as 
13S , given the present notation. Similarly, 14S would be the S parameter that refers to the 
coupling between 4x1 linear array antenna element number 3 and the receiver antenna 
(i=1). 15S  would be the S parameter that refers to the coupling between 4x1 linear array 
antenna element number 4 and the receiver antenna (i=1), and 12S would be the S 
parameter that refers to the coupling between 4x1 linear array antenna element number 1 
              Antenna Element      
 4         2        1             3 
 j =5           3         2              4 
                 S parameter ijS  j subscript 
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and the receiver antenna (i=1). A similar notation, as for FEKO, was adapted in 
displaying the Savant results for the present study.  
 
 
A.5.2 Antenna locations in Savant for Mutual antenna-to-antenna coupling  
 
Table 12 provides the actual co-ordinates for transmitter and receiver antenna for the 
mutual antenna-to-antenna coupling simulations in Savant. Co-ordinates were taken from 
FEKO relative from the center of the 4x1 linear array antenna model in FEKO located at 
co-ordinates (0, 0, 0). In Savant once the mast structure was included in model, the 
structure was fixed, there was no way of adjusting the position of the mast relative to the 
antennas. Therefore, in Savant the antennas had to be repositioned relative to the mast 
structure, whereas, in FEKO the mast structure was repositioned relative to the antennas.  
 
Table 12 Co-ordinates for transmitter and receiver antenna for mutual 
antenna-antenna coupling simulations in Savant. Antenna scan angles were 
done mechanically. 
Antenna & Location 
on mast  
 
Co-ordinates 




front panel RFM 
X=0.000 Roll= -110 




Z=0.8405 Pitch= 0 
Receiver (Rx) located  
above transmit antenna 
X=0.004 
 







Receiver (Rx) located on 
side panel  
X= -0.878 
 




Z= -0.0753 (No LOS with Tx) 
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A.5.3 Analytical and Savant simulated Mutual antenna-to-antenna coupling  
Figure 89 and Figure 90 illustrate the typical free space mutual antenna-to-antenna 
coupling as a function of frequency f simulated Savant and analytical Friis transmission 
equation results respectively. As illustrated in both figures, i.e., Figure 89 and Figure 90 
as frequency increases the mutual antenna-to-antenna coupling decreases.  
 
      
Figure 89. Typical Savant free space mutual antenna-to-antenna coupling as a 
function of frequency f. 
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Figure 90. Typical Friis transmission equation mutual antenna-to-antenna coupling  
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A.6  NON-LINEAR EFFECTS OF A RF RECEIVER SYSTEM  
 
Table 13 presents the parameters and specifications for each of the electronic 
components in the RF receiver system, as depicted in Figure 67.  
Table 13 Electronic component parameters and specifications for RF receiver 
system, as depicted in Figure 67. 
Electronic Component Component Index Parameters & Values 
 
Power Source -Port 1 N/A Impedance (Z) 50Ω 
Power (P) dBmtow (Power_RF) 
where Power_RF=    -
104dBm to 0dBm steps 12 
Frequency (Freq) RF_Freq=2960MHz 
Temperature (T) 290°K (=16.85°C) 
Noise  Yes 
Bandpass Filter (BPF) 
Butterworth 
 






AGC_Amp Cmp_Index=1 Zref 50Ω 
S11 0 
S22 0 
Min_dB (dBm) -110 
Max_dB (dBm) 0 
NF(dB) 3 
TOI (Third order 
intercept) 
30.6 










Damping Factor 0.707 
Normalized Zero 1 
External Gain  0.025 
Termination Port –Port2 N/A Impedance Z 50Ω 
Noise no 
Temperature 16.85° (=290°K) 
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Figure 91 illustrates some of the output parameters from the budget analysis simulation 
in ADS Systems, for a RF receiver system circuit, as depicted in Figure 67, i.e., with an 
automatic gain control loop. The budget analysis included third order non-linearity in the 
receiver system. Similar results were obtained when the non-linearity was excluded from 




Figure 91. Budget Analysis RF circuit performance parameters as a function of 
component index for RF receiver system depicted in Figure 67. Here 3rd order 
nonlinearities included in analysis. Similar results are obtained when nonlinearities 
are not considered in simulation.  For completion NF (NF_RefIn_dB) and output 
power (OutPwr_dBm), and S/N (OutSNR_Total_dB) figures, as depicted in  
Figure 68 and Figure 69, respectively, have been included here. Here — inP = -
104dBm,     — inP = -92dBm, — inP = -80dBm, — inP = -68dBm, — inP = -56dBm, and                
— inP = -54dBm. 
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Table 14 presents the electronic component parameters and specifications for the RF 
receiver system, as depicted in Figure 74.  
Table 14 Electronic component parameters and specifications for RF receiver 
system depicted in Figure 74 . 
 
Electronic Component Component Index Parameters & Values 
 
Power Source-Port 1  N/A Temperature (T) 16.85°C (=290°K) 
Input Power P dBmtow(Power_RF) 
Power_RF= -104dBm to 
-50dBm with 10.8  
step size 
Freq RFreq =2960MHz 
Noise  yes 
Impedance Z 50Ω 
Band pass Filter (BPF) 
Butterworth (BPF1) 













SP22 polar (0,180) 
NF 0dB 
LO_Freq 3000MHz 
Band pass Filter (BPF) 
Butterworth (BPF2) 
 









Psat  -65 dBm 
TOI 30.6 
Termination Port - Port2  N/A Impedance Z 50Ω 
Noise no 
Temperature (T)  16.85°C (=290°K) 
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Table 15 provides the description for each of the measurements (i.e., Cmp_NF_dB, 
Cmp_21_dB, InTOI_dBm, OutNPwrTotal_dBm, OutPwr_dBm, OutSNR_Total_dB, 
OutTOI_dBm, Cmp_OutTOI_dBm and NF_Refln_dB) as defined from the budget 
analysis. Budget analysis measurements can be done at both the component and system 
levels. 
 
Table 15 Description each output parameter defined in ADS Systems’ Budget 
Analysis. Each description provided here was taken directly from ADS Systems RF 
System Budget Analysis documentation [52].  
 





Component noise figure with source and load 
impedance of 50Ω 
Cmp_21_dB Component 50 Ω S21 (S parameter) in dB 
InTOI_dBm 3rd order intercept power delivered into system 
load at component input  
OutNPwrTotal_dBm Noise power per noise simulation frequency 
span centered at the RF fundamental frequency 
of noise power delivered into system load at 
component output 
OutTOI_dBm 3rd order intercept power delivered into system 
load at component output 
Cmp_OutTOI_dBm Component output 3rd-order intercept with 
source reflection coefficient equal to the real 
part of the component small signal S11 and the 
load reflection coefficient equal to the real part 
of the component small signal S22 
OutPwr_dBm 
 




Ratio of signal power to total noise power for 




Noise figure from system input to component 
output with 50Ω source and load resistance 
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